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Abstract 

A  computer  simulation  program  was  used  to  analyse  performance  of  suborbital 
launch  trajectories  using  a  hypersonic  NASP  derived  vehicle  for  satellite  deployment.. 
The  trajectory  investigated  for  this  project  involved  satellite  deployment  at  subor¬ 
bital  speeds.  To  deploy  a  satellite  in  this  manner,  a  booster  motor  is  used  to  insert 
the  payload  into  orbit  while  the  launch  vehicle  reenters  and  returns  to  earth.  A  sim¬ 
plified  energy  analysis  was  also  formulated  and  used  to  determine  the  sensitivity  of 
suborbital  trajectory  performance  to  specific  design  parameters.  Results  show  that 
subi'rbital  launch  trajectories  can  increase  the  useful  payload  to  orbit  capacity  over 
an  identical  vehicle  flying  a  “typical”  ascent  where  both  the  launch  vehicle  and  pay- 
load  are  inserted  into  orbit.:  The  amount  of  time  available  for  payload  deployment 
from  a  suborbital  trajectory  was  also  investigated  with  results  showing  that  time 
periods  on  the  order  of  ten  minutes  could  be  used  for  payload  deployment.; 
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Analysis  of  Suborbital  Launch  Itajectories  for  Satellite  Delivery 


L  Introduction 


1.1  Introductory  Discussion 

The  gravity  gradient  launch  trajectory  has  become  widely  accepted  for  space 
launches  using  today’s  multi-stage  rocket  vehicles.  This  is  due  primarily  to  structural 
and  aerodynamic  characteristics  that  are  inherent  in  todays  multi-stage  designs.,  A 
gravity  gradient  trajectory  relies  on  gravity  instead  of  control  surfaces  to  rotate 
the  vehicle  velocity  vector  during  the  launch  ascent  and  thus  produces  minimum 
vehicle  bending  stress.  However,  the  gravity  gradient  trajectory  is  not  an  efficient 
one  with  regard  to  energy  requirements.  A  more  efficient  flight  path  involves  flight 
at  a  non-zero  angle  of  attack,  which  would  require  a  hypersonic  lifting  body  design. 
A  hypersonic  vehicle  of  this  type,  would  not  have  the  same  structural  limitations  as 
do  the  systems  currently  in  use  allowing  for  more  flexible  launch  ascent  trajectories 
to  be  used. 

Recent  interest  in  hypersonic  launch  vehicle  design  is  apparent  in  the  establish¬ 
ment  of  the  following  projects:  1)  The  National  Aero-Space  Plane  (NASP),  2)  The 
European  Hermes  Space  Plane,  3)  The  Personnel  Launch  System  and  other  lifting 
vehicles  that  are  designed  for  increased  maneuverability  at  hypersonic  speeds.  These 
projects  represent  a  tendency  towards  the  use  of  more  efficient  and  flexible  launch 
trajectories  in  the  future.  Specifically,  future  launch  platforms  are  expected  to  in¬ 
corporate  lifting  surfaces  and  air  breathing  propulsion  technology  that  will  provide 
improved  maneuverability  and  fuel  efficiency  to  the  point  where  a  Single-Stage- To- 
Orbit  (SSTO)  vehicle  may  be  practical. 

The  flight  characteristics  of  a  hypersonic  SSTO  vehicle  would  allow  a  variety  of 
different  ciscent  trajectories  to  be  used,  based  on  the  mission  and  size  of  payload  to  be 
delivered  into  orbit.  The  purpose  of  this  thesis  was  to  investigate  a  specific  satellite 
launch  trajectory  that  could  be  utilized  by  future  lifting  body  launch  platforms. 

This  thesis  presents  an  initial  investigation  into  the  use  of  suborbital  launch 
trajectories  for  satellite  deployment  as  a  means  for  increasing  the  payload  to  orbit 
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capacity  of  hypersonic  lifting  body  launch  vehicles.  The  specific  trajectory  considered 
for  this  project  involved  a  pullup  maneuver  performed  by  the  launch  vehicle  prior 
to  satellite  deployment,  release  of  the  payload  with  a  kick  booster  at  the  flight  path 
apogee,  and  the  reentry  and  landing  of  the  launch  vehicle.,  A  detailed  description  of 
suborbital  launch  trajectories  is  presented  below.; 

1.2  Suborbital  Launch  Trajectories 

In  order  to  understand  the  information  presented  in  this  thesis,  it  is  important 
for  the  reader  to  have  a  clear  image  of  the  flight  path  being  analyzed  and  how  it 
differs  from  those  typically  envisioned  for  a  hypersonic  lifting  body  launch  vehicle. 
This  section  provides  a  description  of  a  typical  ascent  profile  that  a  vehicle  such  as 
a  NASP  Derived  Vehicle  (NDV)  is  expected  to  utilize  (While  the  NASP  will  provide 
research  capabilities  only,  an  NDV  would  provide  operational  characteristics  that 
could  benefit  from  the  results  of  this  thesis).;  A  description  of  a  suborbital  launch 
trajectory  is  then  provided  comparing  it  to  the  typical  NDV  ascent  profile.  It  is 
important  to  point  out  that  no  consensus  exists  in  the  current  literature  concerning 
specifics  of  a  typical  ascent  trajectory  for  a  hypersonic  launch  platform.  Based 
on  a  study  presented  by  Lepsch  (10:4-5),  the  following  trajectory  was  defined  as  a 
baseline  trajectory  to  be  used  for  this  analysis.  Note  that  for  the  purpose  of  this 
thesis,  discussion  referring  to  a  typical,  standard  or  baseline  trajectory,  is  considered 
as  a.  reference  to  the  type  of  trajectory  described  below. 

Figure  1  depicts  a  typical  NDV  launch  trajectory..  This  trajectory  can  be 
divided  into  three  segments  as  explained  below: 

1.  Initial  Climb  and  Acceleration  -  Powered  by  liquid  hydrogen  turbine  powered 
and  ramjet  engines,  the  hypersonic  vehicle  will  climb  to  an  approximate  alti¬ 
tude  of  70,000  feet  and  accelerate  to  supersonic  speed  of  about  Mach  6. 

2.  Hypersonic  Acceleration  -  Using  Supersonic  Combustion  Ramjet  (SCRAM- 
JET)  engines,  the  vehicle  will  accelerate  in  a  nearly  horizontal  flight  path  to  a 
speed  of  about  Mach  20.  Note  that  the  final  speed  to  be  attained  at  the  end  of 
this  phase  is  a  subject  of  debate  with  values  in  current  literature  ranging  from 
Mach  8  to  Mach  22. 

3.  Orbit  Insertion  -  Having  accelerated  as  far  as  practical  using  air  breathing 
propulsion  systems,  a  transition  is  made  to  rocket  propulsion  which  will  provide 
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Figure  L;  Typical  NDV  ascent  path. 


the  additional  thrust  required  to  place  the  launch  vehicle  into  a  low  earth  orbit 
Throughout  this  thesis,  the  point  at  which  a  launch  vehicle  transitions  from 
airbreathing  to  rocket  propulsion  is  referred  to  as  the  transition  point. 

The  suborbital  launch  trajectory  analyzed  in  this  document  is  depicted  in 
Figure  2.  This  trajectory  can  also  be  divided  into  three  separate  phases  with  the 
first  phase  identical  to  that  in  the  previously  described  trajectory..  The  second  phase 
is  also  similar  to  that  of  the  baseline  trajectory  except  that  the  speed  at  which 
this  phase  is  terminated  may  be  reduced  from  that  of  a  baseline  launch.  The  main 
difference  with  the  suborbital  trajectory  is  apparent  in  the  last  segment  where  a 
pullup  maneuver  is  initiated  to  transition  the  launch  vehicle  flight  path  from  a  typical 
ascent  into  a  suborbital  trajectory.  Rocket  propulsion  is  then  used  to  raise  the  launch 
vehicle  to  higher  altitudes  without  accelerating  the  vehicle  to  the  velocity  required 
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to  achieve  orbit.  The  payload  is  separated  from  the  launch  vehicle  shortly  before  the 
flight  path  apogee.,  A  booster  engine  attached  to  the  satellite  is  used  to  accelerate 
the  payload  into  the  desired  orbit  while  the  launch  platform  falls  back  into  the 
atmosphere  and  flies  to  a  landing  site..  Note  that  for  this  project,  the  research  was 
focused  on  the  ascent  portion  of  suborbital  trajectories.  No  effort  was  made  to 
analyze  the  reentry  and  return  to  base  portions  of  the  launch  vehicle  flight  path. 


1.3  Research  Objectives 

The  objectives  of  this  research  are  listed  below:, 

1 .  Determine  if  the  use  of  suborbilal  trajectories  could  improve  the  payload  weight 
to  orbit  performance  of  a  NDV  launch  vehicle. 

2.  Determine  the  optimal  point  for  the  initiation  of  a  pullup  maneuver  that  will 
ma.ximize  the  payload  weight  delivered  into  orbit.: 

3.  Determine  an  estimate  of  the  time  available  for  deployment  of  a  payload  from 
a  launch  vehicle  on  a  suborbital  flight  path. 
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4.  Determine  a  first  order  estimation  of  the  relationship  between  various  launch 
vehicle  design  parameters  and  suborbital  launch  trajectory  performance. 
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11.  Literature  Review 


Due  to  the  multidisciplinary  nature  of  trajectory  antdysis  eis  shown  in  Figure 
3,  numerous  studies  were  available  in  current  literature  that  contributed  to  this  re¬ 
search.  In  particular,  studies  concerning  hypersonic  vehicle  performance,  multistage 
vehicle  trajectory  optimization,  and  numerical  trajectcry  optimization  methods,  pro¬ 
vided  insight  in  the  area  of  launch  trajectory  analysis.  This  chapter  summarizes  a 
few  of  the  studies  directly  related  to  this  project. 


Figure  3.  Specialty  areas  related  to  trajectory  optimization.; 


2.1  Multi-Stage.  Performance  Optimization 

A  review  of  the  suborbital  trajectories  analyzed  in  this  thesis,  shows  that  a 
suborbital  launch  ascent  is  utilizing  the  concept  of  staging  similar  to  that  used  by 
multi-stage  boosters.  In  the  case  of  a  suborbital  launch  trajectory,  the  launch  ve¬ 
hicle  can  be  considered  as  the  first  stage  while  the  payload  booster  engine  serves 
as  the  second  stage.  This  similarity  between  suborbital  trajectories  and  multi-stage 
boosters  allowed  for  the  use  of  multi-stage  performance  optimization  techniques  for 
this  thesis  effort. 
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Figure  4.  Comparison  of  a  two  stage  launch  vehicle  versus  a  SSTO  vehicle  to  de¬ 
termine  the  ideal  staging  velocity  (14:4-5).; 


Several  studies  have  been  presented  that  analyze  tradeoffs  between  one  and 
two  stage  hypersonic  launch  vehicle  designs  (13)  (14).  Sponable  (14:4-5)  presents 
an  overview  of  one  and  two  stage  hypersonic  launch  vehicle  designs  along  with  an 
analysis  of  various  benefits  and  disadvantages  of  the  different  design  approaches. 
While  this  particular  study  by  Sp'>nable  looks  mostly  into  the  required  technologies 
for  SSTO  operations,  it  also  develops  a  procedure  for  comparing  various  one  and  two 
stage  designs.;  Part  of  the  study  presented  by  Sponable  includes  the  investigation 
of  the  ideal  staging  velocity  for  a  specific  two  stage  design  by  comparing  the  two 
stage  vehicle  performance  against  that  of  a  baseline  SSTO  design.  The  results  of 
this  study  are  shown  in  Figure  4,  where  payload  ratio  represents  the  total  payload 
to  orbit  capacity  of  a  two  stage  vehicle  design  divided  by  the  payload  capacity  of  a 
baseline  single  stage  design.  This  same  procedure  was  useful  in  analyzing  sub-orbital 
launch  trajectories  as  is  explained  in  the  next  chapter. 

The  analysis  presented  in  this  thesis  represents  an  extension  to  the  study  per¬ 
formed  by  Sponable.  One  difference  that  is  important  to  note  between  these  two 
studies  is  illustrated  by  the  fact  that  the  study  presented  by  Sponable  compared 
the  performance  of  two  separate  vehicle  designs  (SSTO  versus  a  two  stage  launch 
vehicle).  However,  this  project  compared  the  performance  of  only  one  vehicle  type 
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for  two  different  ascent  trajectories.  The  performance  of  the  two  different  ascent 
trajectories  was  then  compared  in  a  manner  similar  to  that  used  by  Sponable  so 
that  the  impact  to  the  launch  vehicle  payload  capacity  could  be  determined. 

2.2  Trajectory  Optimization 

Many  engineering  problems  require  the  determination  of  the  optimal  solution 
from  a  set  of  all  possible  solutions.  This  is  the  case  when  comparing  space  launch 
trajectories  since  there  is  typically  an  infinite  set  of  trajectories  that  exist  between 
two  points.  However,  the  most  desirable  of  all  possible  flight  paths  will  typically 
maximize  a  certain  performance  parameter  such  as  propellant  consumption  or  time 
of  flight.  According  to  Vinh  (16:1),  the  analysis  of  optimal  space  trajectories  has 
developed  into  one  of  the  most  challenging  and  fascinating  optimization  problems  of 
modern  times.  A  simplified  definition  of  an  ascent  trajectory  optimization  problem 
is  explained  by  Vinh  as  follows: 


In  a  gravitational  field,  and  with  respect  to  an  inertial  frame  of  ref¬ 
erence,  a  space  vehicle  M,  considered  as  a  point  mass  with  mass  m,  is 
subject  to  the  ever-present  gravitational  force  rng,  a  thrusting  force  T 
whenever  the  propulsive  system  is  operating,  and,  furthermore,  to  an 
aerodynamic  force  A,  to  bring  it  from  the  initial  state,  at  time  t^,  with 
a  position  vector  r^,  velocity  K  and  mass  mo,  to  the  final  state  77,  V/ 
and  m/  at  the  final  time  tj  such  that  a  certain  function  of  the  final 
state  is  maximized.  In  optimal  space  transfer,  this  quantity,  called  the 
performance  index,  is  generally  the  final  mass.-  (16:1) 


This  type  of  trajectory  optimization  problem,  as  explained  above,  can  be  solved 
by  analyzing  a  function  that  is  defined  to  represent  the  appropriate  type  of  flightpath. 
This  function  can  be  written  in  the  form  of  /  (x(t),  u(<))  where  x  defines  the  vehicle 
state  and  u  defines  the  vehicle  control  settings  with  respect  to  time..  The  feasible 
set  of  x{t)  and  u{t)  is  that  which  defines  a  trajectory  between  the  given  initial  and 
final  points  while  satisfying  all  problem  constraints.  Typical  trajectory  optimization 
problems  will  have  an  infinite  number  of  trajectories  in  the  feasible  region.  Nonlinear 
programing  techniques  can  be  used  to  search  this  region  and  identify  an  optimal 
solution.  Studies  presented  by  Hargraves,  Ravindran  and  Gill  contain  additional 
information  on  this  topic  (5:338-342)  (12:487-580)  (4:205-260). 
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2.3  Trajectory  Optimization  Programs 

The  complex  numerical  methods  and  earth  models  required  for  trajectory  op¬ 
timization  have  been  incorporated  into  several  different  computer  programs  to  facil¬ 
itate  the  development  of  optimized  flight  paths.  One  of  these  programs,  used  exten¬ 
sively  for  this  project,  was  Optimal  Trajectories  by  Implicit  Simulation  or  OTIS.  A 
brief  description  of  OTIS  capabilities  is  provided  below  as  described  by  the  OTIS 
User’s  manual  (17:2-6)  and  the  OTIS  Applications  Manual  (11:5-7). 

OTIS  is  a  FORTRAN  program  that  optimizes  trajectories  for  a  wide  varietj'^ 
of  aerospace  vehicles.,  OTIS  simulates  various  vehicle  trajectories  by  decomposing 
the  trajectory  into  a  linked  sequence  of  individual  stages.  In  OTIS,  the  boundaries 
between  stages  are  selected  by  the  analyst  so  that  the  definitions  for  various  flight 
path  boundaries  and  constraints  remain  constant  for  the  given  phase.  Additional 
considerations  for  the  determination  of  stage  boundaries  would  include  changes  in 
thrust  models,  sudden  mass  changes  from  stage  separation,  or  changes  in  different 
aerodynamic  lift  and  drag  performance  models. 

The  typical  input  and  output  of  a  trajectory  optimization  problem  using  OTIS 
is  illustrated  in  Figure  5.  The  two  primary  inputs  required  by  OTIS  are  the  Namelist 
File,  and  the  Tabular  Data  File.  The  Namelist  file  contains  the  basic  instructions 
required  to  define  a  specific  trajectory  problem.  This  file  includes  information  con¬ 
cerning  the  trajectory  boundary  conditions  and  constraints,  the  various  trajectory 
stages,  and  a  description  of  the  vehicle  being  simulated.  The  tabular  data  file  in¬ 
cludes  information  on  the  aerodynamics,  propulsion,  and  other  user  defined  functions 
required  foi  the  simulation  (17:7). 

OTIS  produces  variety  of  output  information.  The  primary  output  is  the 
Tabular  Output  File  which  contains  trajectory  time  histories  and  simple  plots  of 
various  flight  parameters  as  defined  by  the  user.,  OTIS  also  produces  data  files  for 
the  production  of  detailed  plots  and  various  other  files  that  may  be  used  for  further 
analysis  of  a  given  trajectory. 
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Figure  5.  OTIS  input  and  output  data  files  (17:7). 


III.  Methodology 


This  thesis  presents  two  different  methods  for  analysis  of  suborbital  launch 
trajectory  performance.  The  first  method  utilizes  the  OTIS  simulation  program  to 
provide  a  detailed  analysis  of  several  suborbital  flight  paths.  The  second  method, 
referred  to  as  an  Energy  Analysis.,  uses  several  simplifying  assumptions  that  greatly 
reduce  the  complexity  of  estimating  suborbital  trajectory  performance.  The  simpli¬ 
fied  Energy  Analysis  was  used  to  perform  a  first  order  sensitivity  analysis  of  several 
design  assumptions  used  with  the  OTIS  program.  The  basic  approach  of  both  mod¬ 
els  was  to  simulate  a  baseline  trajectory  along  with  several  different  suborbital  tra¬ 
jectories.  Relative  performance  of  the  suborbital  trajectories  was  then  determined 
through  a  comparison  with  the  baseline  trajectory.  In  order  to  simplify  the  analysis 
presented  in  this  thesis,  the  variables  used  for  velocity  (V)  and  altitude  (H)  where 
non-dimensionalized  as  shown  in  equations  1  and  2  where  Vctr  is  final  orbital  velocity 
and  HoTbit  is  the  final  orbital  altitude. 


s  = 


(1) 


h  = 


H 


H orbit 


(2) 


While  efforts  were  made  in  this  analysis  to  provide  results  that  were  net  depen¬ 
dent  on  a  specific  launch  vehicle  design,  it  was  not  possible  to  produce  representative 
data  from  general  analytic  relationships  alone.  To  allow  for  the  desired  insight  with 
this  project,  it  was  necessary  to  incorporate  physical  and  aerodynamic  models  that 
were  representative  of  launch  vehicle  performance  parameters..  The  following  section 
explains  the  vehicle  model  used  in  this  analysis  along  with  the  steps  taken  to  gen¬ 
erate  data  that  would  provide  insight  into  the  relationship  between  various  design 
assumptions  and  the  overall  vehicle  performance.  The  remainder  of  the  chapter  then 
explains  the  development  of  the  two  analytical  models  used  for  this  project. 


3.1  Representative  Vehicle  Design 

Many  studies  have  been  performed  on  hypersonic  vehicle  performance  and 
stability..  Typically  these  studies  also  require  the  use  of  a  representative  vehicle  design 
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in  order  to  produce  a  first  approximation  of  actual  hypersonic  flight  performance.  In 
a  study  on  hypersonic  vehicle  performance  and  stability,  Drummond  presents  certain 
criteria  that  are  important  in  the  selection  of  a  representative  vehicle  design  (3:43). 
These  criteria  also  apply  for  this  project  and  are  listed  below: 

1. ;  The  vehicle  must  have  the  right  kind  of  shape  for  hypersonic  flight. 

2.  The  vehicle  must  be  of  sufficient  size  to  perform  its  envisioned  duties. 

3.  The  vehicle  must  be  as  simple  as  possible  for  ease  of  analysis  (but  important 
features  must  be  accurately  accounted  for). 

4.  The  vehicle  must  preferably  be  similar  to  shapes  for  which  experimental  data  is 
available,  so  that  the  results  will  be  as  close  as  possible  to  true  flight  behavior.. 

Based  on  the  above  criteria  a  representative  vehicle  design  was  developed  as 
shown  in  Figure  6.  The  representative  vehicle  used  in  this  project  was  similar  to 
that  used  by  Drummond  (3:44-47),  however,  there,  are,  two  differences  in  the  overall 
vehicle,  design  used  for  this  thesis.  The  differences  are:  1)  The  vehicle  in  figure  6 
was  a  scaled  version  with  weight  fractions  similar  to  those  envisioned  for  a  NDV 
as  presented  by  Hasten  (7:4)  and  2)  Additional  aerodynamic  characteristics  where 
required  to  model  subsonic  and  transonic  flight  regimes  for  a  baseline  trajectory.  A 
more  detailed  description  of  the  representative  vehicle  used  for  this  project  along 
with  aerodynamic  and  performance  characteristics  is  included  in  Appendix  A. 

3.2  OTIS  Computer  Simulation  Analysis 

The  analytical  method  presented  in  this  section  was  used  to  provide  a  detailed 
examination  of  several  suborbital  trajectories  using  the  OTIS  trajectory  simulation 
program.  Advantages  of  this  method  included:  1)  OTIS  generated  detailed  state  in¬ 
formation  on  position,  velocity,  altitude  and  numerous  other  parameters  with  respect 
to  time  for  each  trajectory  that  was  analyzed,  2)  OTIS  provided  detailed  models  of 
the  vehicle’s  aerodynamic  and  propulsion  performance,  along  with  models  for  aero¬ 
dynamic  heating  and  the  earth’s  atmosphere  and  3)  OTIS  allowed  for  the  simulation 
of  vehicle  performance  constraints  that  influenced  the  ascent  flightpaths.  The  main 
disadvantage  of  this  method  was  the  long  computer  run  times  required  to  produce 
the  desired  results  (approximately  three  weeks  CPU  time  to  optimize  a  baseline 
trajectory  on  a  Sparc  2  workstation). 
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Figure  6.  Representative  vehicle  dimensions  (3:44)  (7:4). 


Along  with  information  on  the  representative  vehicle  design,  the  following  con¬ 
ditions  were  assumed  for  this  analysis: 

•  The  same  vehicle  design  was  used  for  both  the  analysis  of  the  suborbital  and 
baseline  trajectories.  The  gross  takeoff  weight  was  the  same  regardless  of  which 
trajectory  was  to  be  simulated. 

•  Any  unused  propellant  required  to  fly  along  a  specific  suborbital  flight  path 
was  assumed  to  be  additional  payload  capacity  available  for  that  particular 
trajectory.  Note  that  the  total  payload  capacity  for  suborbital  trajectories  was 
divided  between  the  kick  booster  motor  and  the  final  payload  mass. 

•  A  spherical  non- rotating  earth  was  assumed  with  a  1976  standard  atmospheric 
model  used  to  calculate  aerodyncimic  effects. 

•  The  final  payload  of  both  the  baseline  and  suborbital  trajectories  was  delivered 
to  a  circular  orbit  lOOnm  above  the  earth  surface.  This  target  orbit  v'as  used  to 
provide  a  basis  by  which  the  performance  of  the  two  different  ascent  trajectories 
could  be  compared.. 
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•  Based  on  OTIS’s  capability  to  optimize  trajectory  performance,  no  constraint 
was  made  concerning  the  transition  point  from  airbreathing  to  rocket  propul¬ 
sion  along  the  baseline  trajectory.  This  transition  poino  was  identified  in  the 
output  of  the  optimized  trajectory. 

•  The  only  representative  vehicle  mass  values  used  as  inputs  for  the  OTIS  tra¬ 
jectory  optimization,  were  the  gross  and  structural  weights.  The  propellant 
consumption  and  final  payload  weight  were  determined  by  the  OTIS  program 
for  each  optimized  trajectory. 

The  computer  simulation  consisted  of  two  separate  analysis  steps.  First  an 
optimal  baseline  trajectory  was  identified  where  both  the  launch  vehicle  and  the 
payload  were  placed  into  the  target  orbit..  Next,  several  locations  were  identified 
along  the  baseline  trajectory  to  serve  as  the  starting  points  for  pullup  maneuvers 
leading  into  different  suborbital  trajectories.  Each  suborbital  trajectory  was  then 
optimized  and  performance  information  was  calculated.  Performance  results  from 
the  suborbital  trajectories  were  then  compared  against  the  baseline  trajectory  to 
illustrate  the  relative,  performance  of  the  two  flight  paths. 

As  mentioned  above,  the  OTIS  program  calculated  propellant  consumption 
and  payload  weight  for  each  trajectory  analyzed.  Since  simplified  aerodynamic  and 
propulsion  models  were  used  with  the  OTIS  simulations,  it  was  not  expected  for  the 
baseline  propellant  consumption  and  payload  weights  to  match  exactly  with  those 
listed  for  the  representative  vehicle.  Even  though  simplified  models  were  used  in 
this  analysis,  the  OTIS  results  were  expected  to  be  representative  of  actual  vehicle 
performance.  Comparison  of  the  OTIS  mass  values  to  those  listed  for  the  represen¬ 
tative  vehicle  was  useful  in  determining  how  closely  the  OTIS  analysis  paralleled  the 
performance  expected  for  the  representative  vehicle.:  Note  that  it  was  not  necessary 
for  the  OTIS  values  to  match  exactly  with  those  of  the  representative  vehicle  since 
the  whole  purpose  of  determining  beiseline  trajectory  performance  was  to  provide  a 
basis  for  comparison  of  suborbital  trajectory  performance. 

3.3  Energy  Analysis  Formulation 

The  analysis  presented  in  this  section  provided  a  simplified  method  for  esti¬ 
mating  the  payload  weight  that  could  be  placed  into  orbit  using  a  suborbital  launch 
trajectory.  As  with  the  previous  section,  baseline  performance  parameters  were  first 
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determined  for  a  launch  vehicle  using  a  standard  ascent  trajectory  where  both  the 
payload  and  the  launch  vehicle  were  placed  into  the  target  orbit.  Performance  param¬ 
eters  were  then  determined  for  the  same  vehicle  flying  a  suborbital  ascent  trajectory 
where  only  the  payload  was  placed  into  orbit  by  means  of  an  additional  booster 
motor.  The  results  of  these  two  trajectories  were  then  compared  to  illustrate  the 
relative  performance  of  the  suborbital  flight  path. 

The  basis  for  this  analysis  consisted  of  energy  and  mass  fraction  definitions 
as  presented  by  Sutton  (15:97)  (reference  Figure  7),  as  well  as  certain  performance 
relationships  as  shown  in  equations  3  through  5.  In  the  following  equations,  Vc.v 
is  the  circular  velocity  of  an  orbit  at  distance  r  from  the  center  of  the  earth,  AV 
is  the  total  change  in  velocity  required  between  two  points  along  a  trajectory,  ix  is 
the  universal  gravitational  constant,  ^  is  the  specific  mechanical  energy  of  a  given 
trajectory,  and  go  is  the  sea  level  gravitational  constant. 


V-  = 

*  ctr  — 


(3) 
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(4) 


AV  =  4p5olni2  (5) 

The  conditions  used  for  this  analysis  are  listed  below.  Many  of  these  conditions 
are  similar  to  those  from  the  OTIS  analysis  with  variations  explained  in  the  following 
list: 

•  As  with  the  previous  subsection,  one  launch  vehicle  design  was  used  for  both 
the  baseline  and  suborbital  trajectories.  It  was  assumed  that  the  gross  takeoff 
weight  for  the  launch  vehicle  was  the  same  regardless  of  which  trajectory  was 
to  be  flown. 

•  As  with  the  OTIS  analysis,  any  unused  propellant  required  to  fly  along  a 
suborbital  trajectory  was  assumed  to  be  addil  'onal  payload  capacity. 

•  For  this  analysis,  a  spherical  non-rotating  earth  was  assumed,  however,  atmo¬ 
spheric  effects  where  not  considered  with  this  analysis  in  order  to  simplify  the 
required  calculations. 

•  As  was  done  with  the  OTIS  analysis,  the  final  payload  of  both  the  baseline 
and  suborbital  trajectories  was  delivered  to  a  circular  orbit  lOOnm  above  the 
earth  surface. 

•  For  the  simplified  analysis  presented  here,  the  transition  point  had  to  be  as¬ 
sumed  for  the  baseline  trajectory..  The  same  transition  point  velocity  identified 
by  OTIS  was  used  with  this  analysis  so  that  the  results  of  the  cwo  different 
techniques  would  be  based  upon  the  same  baseline  flight  path. 

•  Use  of  the  energy  analysis  to  calculate  baseline  trajectory  performance,  re¬ 
quired  information  concerning  the  launch  vehicle  structural,  propellant,  and 
payload  weights  as  opposed  to  OTIS  which  only  required  gross  and  struc¬ 
tural  weights  as  inputs..  With  the  OTIS  analysis,  the  propellant  and  payload 
weights  were  calculated  by  the  OTIS  program.  The  same  propellcint  and  pay- 
load  weights  that  were  calculated  by  OTIS  for  the  baseline  trajectory  were  also 
used  with  the  energy  analysis  instead  of  using  the  propellant  and  payload  mass 
values  listed  for  the  representative  vehicle.  Use  of  the  mass  values  determined 
by  OTIS  allowed  for  a  comparison  of  the  two  analytical  techniques.. 
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3.3.1  Baseline  Vehicle  Performance  As  mentioned  previously,  this  analysis 
was  based  on  certain  design  and  performance  characteristics  of  a  representative  ve¬ 
hicle  as  presented  in  Appendix  A..  By  nature  of  the  vehicle  design  assumptions,  most 
of  the  key  performance  aspects  of  the  baseline  trajectory  were  defined.  The  analysis 
of  the  baseline  trajectory  was  used  to  calculate  launch  vehicle  performance  charac¬ 
teristics  that  were  not  already  defined  by  the  initial  design  assumptions.  The  energy 
analysis  technique  was  used  in  two  different  cases  for  this  analysis  where  1)  the 
average  airbreathing  specific  impulse  (Ispave)  was  estimated  and  2)  the  baseline  tra¬ 
jectory  payload  capacity  was  estimated  using  the  analysis  method  explained  below.. 
The  analysis  used  for  the  first  case,  where  the  average  launch  vehicle  airbreathing 
specific  impulse  was  not  known,  is  explained  first.. 

To  calculate  the  required  performance  information,  the  baseline  ascent  wcis 
divided  into  two  different  segments.  These  two  segments  consisted  of  1)  the  air- 
breathing  portion  of  the  ascent  and  2)  the  rocket  powered  portion  of  the  ascent. 
The  two  baseline  trajectory  segments  were  divided  at  the  baseline  transition  point 
where  the  launch  vehicle  propulsion  system  was  switched  from  airbreathing  to  rocket 
propulsion.  One  of  the  flight  path  parameters  required  to  perform  the  energy  analysis 
was  the  velocity  at  which  the  baseline  transition  point  occurs.  Based  on  the  velocity 
of  the  baseline  transition  point,  the,  altitude  of  the  transition  point  was  estimated 
by  applying  the  dynamic  pressure  limits  as  presented  in  Appendix  A.  Since  both 
upper  and  lower  dynamic  pressure  limits  exist  for  the  airbreathing  portion  of  the  as¬ 
cent  trajectory,  an  average  value  of  lOOOpsf  was  used  to  estimate  the  altitude  of  the 
baseline  transition  point.  The  estimation  of  the  transition  point  altitude  involved 
the  assumption  of  an  exponentially  distributed  atmosphere  as  shown  in  equation  6 
where  p  is  the  air  density  at  altitude  H.,  po  is  the  air  density  at  sea  level  and  Z  is  the 
atmospheric  scale  height.  By  combining  equation  6  with  the  dynamic  pressure  rela¬ 
tionship  shown  in  equation  7,  the  altitude  of  the  baseline  transition  point  could  be 
estimated  as  shown  in  equation  8  where  q  is  the  dynamic  pressure  at  the  transition 
point, 


-H 


p  =  p^e-r 


(6) 


pV'^ 
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(8) 


After  a  transition  point  aJtitude  had  been  calculated,  it  was  necessary  to  derive 
a  relationship  that  would  approximate  the  total  AV  required  to  move  between  two 
different  points  of  a  trajectory.  By  assuming  an  instantaneous  propellant  burn  and 
that  the  total  specific  energy  (^)  immediately  following  the  A  V  is  the  same  as  at  the 
second  trajectory  point,  equation  4  was  used  to  develop  the  relationship  shown  in 
equation  9.  Equation  9  could  then  be  solved  for  AV  to  estimate  the  total  velocity 
change  required  to  move  between  the  two  trajectory  points  as  shown  in  equation  10. 

{Vr  +  AVf  fi  Vj  IX 

2  ri  2  7'2 


Al' =  l/2(^  -  f  +  7)  - ''i 

V  2  r2  ri 

Based  on  the  results  of  equation  10,  it  was  possible  to  solve  for  the  amount  of 
propellant  consumed  along  segment  2  of  the  baseline  trajectory.  This  was  done  by 
first  calculating  the  mass  ratio  R  using  equation  5  rearranged  into  the  form  shown  in 
■■quation  11.  The  propellant  consumed  along  segment  2  {mp2)  was  then  calculated 
oy  rearranging  the  definition  for  the  mass  ratio  R  as  shown  in  equation  12. 


(9) 

(10) 


£kV 


R  = 

(11) 

mp2  =  {Ri  —  l)(m/  -f  ms) 

(12) 

The  next  step  was  to  calculate  the  average  specific  impulse  (Ispave)  along  seg¬ 
ment  1  in  such  a  manner  that  all  available  propellant  was  consumed  along  the  entire 
trajectory..  First  the  amount  of  propellant  available  for  segment  1  was  calculated  by 
subtracting  the  propellant  used  in  segment  2  from  the  total  propellant  mass.  Next, 
the  vehicle  maiss  ratio  R  for  segment  1,  was  calculated  cis  shown  in  equation  13.  The 
AV  required  for  segment  1  wais  calculated  using  equation  10  which  then  allowed  for 
the  calculation  of  the  average  specific  impulse  by  rearranging  equation  5  into  the 
form  shown  in  equation  14. 
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There  were  also  cases  where  the  energy  analysis  was  used  when  the  average 
airbreathing  specific  impulse  (Ispave)  did  not  need  to  he  calculated,  however,  the 
payload  capacity  of  the  given  trajectory  was  unknown.  In  these  cases,  most  of  the 
calculations  used  to  estimate  the  launch  vehicle  payload  capacity  were  the  same  as 
those  used  to  determine  the  average  airbreathing  specific  impulse.  The  A  V  required 
for  each  of  the  trajectory  segments  was  calculated  using  equation  10  and  then  the 
mass  ratio  for  each  segment  was  determined  using  equation  11.;  An  iterative  proce¬ 
dure  was  then  used  to  solve  for  the  final  trajectory  payload  capacity  based  on  the 
launch  vehicle  mass  ratio  (R)  for  each  flight  path  segment,  and  the  fact  that  the 
launch  vehicle  gross  takeoff  weight  was  a  constant  (400,000  Ibm)  for  each  trajectory 
analyzed.  This  iterative  procedure  required  an  initial  guess  of  the  launch  vehicle  pay- 
load  capacity  for  the  case  being  analyzed.  Based  on  the  assumed  payload  capacity, 
the  propellant  consumption  for  segment  2  could  be  calculated  using  equation  12  and 
for  segment  1  using  equation  15.  Next,  a  calculated  value  for  the  gross  launch  vehi¬ 
cle  weight  {mocaic)  was  determined  using  equation  16.  The  estimated  gross  launch 
weight  was  then  compared  against  the  actual  gross  weight  of  400,000  Ibm.  If  the  two 
values  did  not  match,  then  the  procedure  was  repeated  with  a  new  estimated  for  the 
payload  capacity  until  the  calculated  gross  weight  compared  favorably  with  the  ac¬ 
tual  vehicle  takeoff  weight.;  This  routine  resulted  in  the  calculation  of  the  trajectory 
propellant  consumption  (the  sum  of  mpi  and  mpa)  and  the  baseline  launch  vehicle 
payload  capacity. 


mpi  =  {Ri  -  l){ml ms  +  mi 2)  (15) 

mOcaic  =  ms  +  ml  +  mpi  +  mp2  (16) 

3.S.2  Analysis  of  suborbital  trajectories  The  analysis  of  suborbital  trajecto¬ 
ries  was  done  in  a  manner  similar  to  that  used  for  the  baseline  analysis.  For  this 
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case,  the  suborbital  trajectory  was  divided  into  three  different  segments  as  follows: 
1)  the  airbreathing  portion  of  the  trajectory  up  to  the  suborbital  pullup  ihe 
rocket  powered  portion  of  the  trajectory  used  to  raise  the  launch  vehicle  altitude 
from  the  pullup  altitude  to  a  point  where  payload  deployment  could  occur,  and  3) 
payload  deployment  and  insertion  into  orbit  using  a  booster  motor  connected  to  the 
payload.  In  this  ceise,  the  same  average  airbreathing  specific  impulse  (Ispave)  was 
used  in  segment  1  as  was  used  for  segment  1  of  the  baseline  trajectory.  In  this  man¬ 
ner,  all  the  performance  parameters  were  defined  except  for  the  final  payload  weight 
that  'vas  delivered  into  orbit  using  the  particular  suborbital  trajectory..  The  payload 
weight  delivered  into  orbit  from  a  suborbital  trajectory  was  calculated  by  analyzing 
each  trajectory  segment  individually  as  explained  in  the  following  paragraphs. 

As  with  the  baseline  trajectory  analysis,  the  altitude  of  the  trajectory  mid¬ 
points  was  calculated  based  on  the  dynamic  pressure  at  these  locations  as  shown  in 
equation  8.,  The  altitude  of  the  suborbital  pullup  maneuver  was  bcised  on  an  average 
dynamic  pressure  of  1,000  psf.  The  altitude  at  which  payload  deployment  occurred 
was  found  by  using  the  same  velocity  as  the  suborbital  pullup  and  a  minimum  dy¬ 
namic  pressure  of  0.5  psf  as  presented  in  Appendix  A, 

Once  the  altitudes  of  the  trajectory  midpoints  had  been  calculated,  the  next 
step  was  to  calculate  the  propellant  consumption  of  each  segment.  The  amount  of 
propellant  used  in  segments  1  and  2  were  first  calculated  based  on  the  AV  require¬ 
ment  for  each  segment  using  equation  10.  The  vehicle  mass  ratio  R  at  the  end  of 
each  segment  was  then  determined  from  equation  11  and  the  propellant  consumed 
was  then  found  for  the  first  two  flight  path  segments  using  equations  12  and  15.  The 
sum  of  the  propellant  consumed  in  the  first  two  flight  path  segments  represented  the 
total  launch  vehicle  propellant  requirement  for  a  particular  suborbital  trajectory. 

Once  the  launch  vehicle  propellant  requirement  for  a  particular  suborbital  tra¬ 
jectory  was  known,  then  any  unused  propellant  was  assumed  to  represent  additional 
payload  capacity.  In  other  words,  the  combined  payload  and  booster  engine  weight 
was  found  by  subtracting  the  weight  of  propellant  consumed  and  launch  vehicle 
structural  weight  from  the  initial  vehicle  gross  weight  as  shown  in  equation  17. 


mOboostcT  =  ^payload  +  ITjooster  =  mo  -  ms  -  mpi  -  mp2  (17) 
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The  next  step  of  this  analysis  was  to  determine  the  final  payload  weight  that 
was  delivered  into  the  target  orbit  along  trajectory  segment  3.  This  was  done  by 
calculating  the  AV  requirement  for  segment  3  from  equation  10  and  the  booster 
mass  ratio  Rbooster  from  equation  11.  The  final  payload  weight  was  then  found  using 
equation  18  where  mlbooster  was  the  final  payload  weight,  Hstooster  was  the  booster 
structural  mass  fraction,  and  mobooster  was  the  initial  booster  weight  from  equation 
17. 


^^booster  — 


tyiObooster 

Rbooster 


(risioojter)  {piObooster^ 


(18) 


Once  the  suborbital  trajectory  payload  capacity  had  been  calculated,  the  fi¬ 
nal  step  was  to  compare  the  suborbital  trajectory  performance  against  the  baseline 
performance..  This  was  done  by  defining  a  variable  that  was  referred  to  as  the  Pay- 
load  Ratio.  The  payload  ratio  was  simply  the  suborbital  trajectory  payload  capacity 
divided  by  the  baseline  trajectory  payload  capacity  as  shown  in  equation  19.  The 
payload  ratio  was  useful  in  this  analysis  since  a  value  greater  than  one  indicated  that 
the  particular  suborbital  trajectory  was  capable  of  delivering  a  heavier  payload  to 
the  target  orbit  than  was  possible  with  the  baseline  trajectory. 


Payload  Ratio  = 


mlb. 
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(19) 
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IV.  OTIS  Analysis  Results 


This  chapter  presents  trajectory  performance  results  that  were  developed  with 
the  OTIS  program.  The  information  presented  here  is  divided  into  three  categories: 
1)  baseline  trajectory  performance,  2)  suborbital  trajectory  performance,  and  3)  time 
available  for  payload  deployment. 

4.1  Baseline  Trajectory  Performance 

The  first  step  of  the  OTIS  analysis  involved  the  determination  of  performance 
information  for  a  baseline  trajectory  where  both  the  launch  vehicle  and  the  payload 
were  placed  into  orbit.  This  analysis  weis  performed  based  on  the  representative 
vehicle  design  and  flight  constraints  listed  in  Appendix  A.  The  OTIS  program  was 
used  to  optimize  a  baseline  trajectory  that  would  maximize  the  payload  weight  to 
orbit  based  on  the  vehicle  design  criteria.  Figure  8  contains  an  altitude  versus  speed 
plot  of  the  baseline  trajectory  produced  with  the  OTIS  program.  A  tabular  listing 
of  the  final  baseline  trajectory  along  with  plots  of  certain  flight  parameters  produced 
by  OTIS  is  included  in  Appendix  B.; 

Review  of  the  suborbital  trajectory  data  in  Appendix  B  shows  that  the  baseline 
propellant  consumption  weight  calculated  by  OTIS  differs  by  8.4%  from  that  listed 
for  the  representative  vehicle.  The  baseline  propellant  requirement  generated  by 
OTIS  was  239,102  Ibm  as  compared  to  261,000  Ibm  listed  for  the  representative 
vehicle.  As  previously  mentioned,  it  was  not  necessary  for  the  OTIS  model  to  closely 
match  the  representative  vehicle  performance  as  far  as  the  propellant  consumption 
and  payload  weight  were  concerned.  However,  the  close  correlation  shown  by  the 
two  baseline  propellant  consumption  values  indicate  that  the  simplified  aerodynamic 
and  propulsion  models  used  with  OTIS  provided  good  approximations  of  expected 
vehicle  performance. 

Comparison  of  the  baseline  payload  weight  determined  by  OTIS  against  that  of 
the  representative  vehicle  shows  a  difference  of  109%,  a  much  larger  difference  than 
that  found  for  the  propellant  consumption  values.  This  large  discrepancy  between 
the  OTIS  and  representative  vehicle  payload  weights  can  be  expected  as  a  direct 
result  of  the  difference  in  the  propellant  consumption  weights.  The  OTIS  propel¬ 
lant  consumption  was  21,898  Ibm  less  than  that  listed  for  the  representative  vehicle 
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Figure  8.,  Optimized  baseline  trajectory.. 


resulting  in  an  increase  in  the  vehicle  payload  weight  by  the  same  amount  (41,898 
Ibm  payload  for  the  OTIS  analysis  compared  to  20,000  Ibm  for  the  representative 
vehicle).; 

An  interesting  observation  that  can  be  made  from  the  optimized  baseline  tra¬ 
jectory  shown  in  Figure  8  is  the  point  at  which  the  transition  occurs  from  airbreathing 
propulsion  to  rocket  propulsion.  The  transition  point  was  determined  by  the  OTIS 
program  in  a  manner  that  would  optimize  the  payload  weight  delivered  into  orbit 
while  satisfying  the  various  flight  constraints  as  listed  in  Appendix  A.  For  this  base¬ 
line  trajectory,  the  transition  point  occurs  at  a.  speed  ratio  of  .876  and  an  altitude 
ratio  of  .279.  These  values  correspond  to  a  velocity  of  22403  ft/sec  (Mach  20.7)  and 
an  altitude  of  169,475  feet..  The  transition  point  is  indicated  in  Figure  8  by  a  vertical 
dotted  line. 

4.S  Suborbital  Trajectory  Performance 

After  a  bciseline  trajectory  had  been  produced,  several  points  were  selected 
along  the  baseline  flight  path  as  starting  conditions  for  pullup  maneuvers  that  would 


lead  into  several  different  suborbital  trajectories.  The  points  selected  for  the  initia¬ 
tion  of  pullup  maneuvers  were  selected  from  both  the  airbreathing  and  rocket  pow¬ 
ered  portions  of  the  baseline  trajectory..  Each  individual  suborbital  launch  trajectory 
was  then  optimized  to  deliver  the  maximum  payload  to  orbit.  Figure  9  illustrates 
a  few  of  the  suborbital  trajectories  analyzed  by  OTIS  cis  compared  to  the  baseline 
trajectory.  The  tabular  output  from  an  optimized  suborbital  analysis  is  included  in 
Appendix  C  along  with  plots  of  various  flight  parameters. 


Figure  9.  Baseline  and  suborbital  trajectories. 


The  optimization  of  each  suborbital  trajectory  resulted  in  a  different  payload 
capacity  for  each  individual  flight  path.  A  compariscn  of  the  payload  capacity  for 
several  different  suborbital  trajectories  was  made  against  the  payload  capacity  of  the 
baseline  trajectory.  This  was  done  by  plotting  the  payload  ratio  against  the  initial 
pullup  speed  for  several  different  suborbital  trajectories  as  shown  in  Figure  10., 

Several  observations  can  be  made  based  on  the  information  shown  in  Figure 
10.  These  observations  are  listed  below: 

•  The  results  shown  in  Figure  10  indicate  that  the  use  of  suborbital  trajectories 
shows  potential  for  increasing  the  payload  to  orbit  capacity  over  that  possible 
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Figure  10.,  Baseline  and  pullup  trajectories  based  on  OTIS  output. 


with  a  normal  ascent  profile  as  represented  by  the  baselin''  trajectory.  This 
observation  is  based  on  the  portion  of  Figure  10  where  the  payload  ratio  is 
greater  than  one. 

•  Based  on  this  analysis,  the  best  suborbital  trajectory  performance  was  achieved 
when  the  suborbital  trajectory  was  initiated  close  to  the  baseline  transition 
point.  This  observation  has  some  intuitive  support  for  the  following  reasons; 
1)  The  best  performance  trajectory  would  be  expected  to  take  full  advantage 
of  the  region  prior  to  the  transition  point  due  to  the  higher  performance  of  the 
airbreathing  engines  that  can  be  used  in  this  region.  The  closer  the  pullup  is  to 
the  transition  point,  the  less  payload  acceleration  is  required  by  the  less  efficient 
rocket  engines.  2)  For  suborbital  trajectories  initiated  after  the  transition 
point,  the  rocket  engines  are  used  to  accelerate  the  entire  launch  vehicle  to 
the  pullup  velocity.  In  this  region,  the  suborbital  trajectory  comes  closer  and 
closer  to  the  baseline  trajectory  as  the  pullup  velocity  increases. 

•  Figure  10  shows  a  best  case  suborbital  payload  capacity  that  is  61%  greater 
than  that  of  the  baseline  trajectory.  The  best  case  suborbital  trajectory  (listed 
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in  Appendix  C)  resulted  in  a  67,635  Ibm  payload  capacity  as  compared  to  the 

41,898  Ibm  payload  capacity  of  the  baseline  trajectory., 

4.3  Time  Available  for  Payload  Deployment 

Review  of  the  typical  baseline  ascent  trajectory  shows  that  large  amounts  of 
time  would  be  available  for  payload  preparation,  testing,  and  deployment.  The 
large  time  periods  result  from  the  fact  that  the  baseline  trajectory  places  the  launch 
vehicle  into  orbit  along  with  the  payload.  A  suborbital  trajectory,  however,  would 
be  constrained  by  the  amount  of  time  available  for  satellite  deployment  based  on  the 
limited  time  spent  in  a  suborbital  flight  path.  For  this  analysis,  satellite  deployment 
is  considered  to  occur  during  a  time  period  when  neither  the  launch  vehicle  or  payload 
propulsion  systems  are  used  and  the  external  dynamic  pressure  is  less  than  or  equal 
to  the  deployment  dynamic  pressure  limit.  The  OTIS  program  was  used  to  analyze 
how  the  amount  of  time  used  for  payload  deployment  effects  suborbital  trajectory 
performance. 

The  suborbital  trajectory  performance  plotted  in  Figure  10  was  based  on  a 
payload  deployment  period  of  30  seconds.  In  order  to  determine  how  the  deployment 
period  effects  trajectory  performance,  several  different  suborbital  trajectories  were 
analyzed  that  were  initiated  from  the  same  initial  pullup  conditions  but  with  different 
lengths  of  time  used  for  satellite  deployment.  Each  trajectory  was  optimized  by 
the  OTIS  program  to  maximize  the  payload  weight  to  orbit  based  on  the  different 
deployment  periods.  A  few  of  the  resulting  trajectories  with  different  deployment 
times  are  shown  in  an  altitude  versus  speed  plot  in  Figure  11. 

One  observation  that  can  be  made  from  Figure  11  is  that  suborbital  trajectories 
can  be  modified  in  order  to  accommodate  for  the  amount  of  time  required  to  deploy  a 
given  payload  from  a  launch  vehicle.  The  data  used  to  produce  Figure  11  showed  that 
the  apogee  of  the  suborbital  trajectory  followed  by  the  launch  vehicle  occurred  at 
higher  altitudes  when  longer  deployment  time  periods  where  used..  This  pattern  can 
be  observed  from  the  first  three  trajectories  plotted  in  Figure  11  with  deployment 
times  of  1,  140,  and  200  seconds  respectively..  The  apparent  hump  in  these  first 
three  trajectories  indicates  the  separation  of  the  payload  from  the  launch  vehicle 
which  coincides  with  the  suborbital  trajectory  apogee.  As  shown  by  the  last  two 
trajectories  in  Figure  11  (deployment  times  of  320  and  600  seconds),  the  suborbital 
trajectory  apogee  occurred  at  an  altitude  higher  than  that  of  the  target  orbit. 
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Figure  11.  Suborbital  trajectories  with  different  time  periods  for  payload 
deployment. 

The  effects  of  various  deployment  time  periods  on  payload  to  orbit  capacity 
were  determined  by  plotting  the  trajectory  payload  ratio  versus  the  time  used  for 
deployment  as  shown  in  Figure  12.  Figure  12  is  useful  in  illustrating  how  different 
deployment  time  periods  effect  the  payload  capacity  of  suborbital  trajectories.  This 
figure  shows  that  for  the  trajectories  analyzed,  the  payload  ratio  decreases  by  up 
to  28%  with  deployment  periods  of  up  to  700  seconds  (The  payload  ratio  is  1.614 
with  a  deployment  time  of  1.0  seconds  compared  to  a  payload  ratio  of  1.160  with  a 
deployment  period  of  700  seconds).  Suborbital  trajectories  with  deployment  periods 
greater  than  700  seconds  could  not  be  analyzed  for  this  study  due  to  difficulties 
caused  by  the  OTIS  program. 

It  should  also  be  noted  that  for  suborbital  trajectories  with  an  apogee  higher 
than  the  target  orbit,  it  would  be  more  efficient  to  insert  the  payload  into  a  final 
orbit  that  is  slightly  elliptical.  In  this  case,  the  payload  would  be  placed  into  an 
orbit  with  a  100  nm  perigee  and  an  apogee  height  the  same  as  that  of  the  suborbital 
trajectory..  For  the  analysis  shown  in  Figure  12,  it  was  assumed  to  be  acceptable  for 
the  payload  to  be  placed  into  an  elliptical  orbit  with  an  apogee  greater  than  the  target 
orbit  altitude.  If  the  requirement  for  a  circular  100  nm  orbit  where  enforced,  the 
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Y.  Energy  Analysis  Results 


The  results  produced  using  the  OTIS  program  were  based  on  the  design  param¬ 
eters  and  assumptions  of  the  representative  vehicle  as  shown  in  Appendix  A  (except 
for  the  propellant  consumption  and  payload  weights  as  explained  in  chapter  3).  An 
analysis  of  suborbital  launch  performance  based  on  a  different  vehicle  design  would 
most  likely  differ  from  those  presented  in  the  previous  chapter.  The  simplified  en¬ 
ergy  analysis  technique  provided  a  method  for  investigating  the  relationship  between 
the  representative  vehicle  design  assumptions  and  suborbital  trajectory  performance. 
This  type  of  analysis  could  have  also  been  performed  using  the  OTIS  computer  pro¬ 
gram  but  due  to  the  lengthy  run  times  required,  the  use  of  OTIS  was  not  practical 
for  this  project.  The  energy  analysis  results  presented  in  this  chapter  consist  of  1) 
a  comparison  of  energy  analysis  results  with  those  generated  using  OTIS  and  2)  a 
sensitivity  analysis  of  vehicle  design  and  flight  path  assumptions. 

5.1  Comparison  of  Energy  Analysis  and  OTIS  results 

Use  of  the  energy  analysis  technique  provided  a  simplified  approach  for  com¬ 
paring  the,  performance,  of  a  suborbital  launch  trajectory  against  the  performance 
of  a  baseline  trajectory.  Due  to  the  simplifying  assumptions  of  the  energy  analysis, 
that  do  not  directly  account  for  atmospheric  effects,  it  was  expected  that  the  energy 
analysis  results  would  differ  from  those  derived  using  OTIS.  This  section  discusses 
energy  analysis  calculations  and  then  makes  a  comparison  of  the  energy  analysis 
results  to  those  obtained  from  the  OTIS  analysis. 

The  energy  analysis  w'as  similar  to  the  OTIS  analysis  in  that  performance 
characteristics  were  first  calculated  for  a  baseline  trajectory  which  would  then  be  used 
for  comparison  against  different  suborbital  trajectories..  Tables  1  and  2  provide  some 
of  the  results  of  the  energy  analysis  calculations  for  the  baseline  and  one  suborbital 
trajectory  respectively.  The  results  of  interest  in  these  two  cases  include  the  average 
airbreathing  specific  impulse  (Ispave)  in  Table  1  and  the  payload  ratio  in  Table  2..  The 
average  airbreathing  specific  impulse  cedculated  for  the  baseline  trajectory  defined 
the  airbreathing  engine  performance  that  was  then  used  in  the  suborbital  trajectory 
analysis.  The  payload  ratio  was  the  final  result  of  the  analysis  that  indicated  the 
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Table  1.  Energy  Analysis  Baseline  Trajectory  Results 


Baseline  Trajectory 
Assumptions 

Value 

Baseline  Analysis 
Calculations 

Value 

Payload  to  orbit 

41,898  Ibm 

Transition  Altitude 

146,404  ft 

Transition  Velocity 

22403  ft/sec 

AV  segment  1 

22,61  Ift/sec 

Orbit  Altitude 

100  nm 

AV  segment  2 

3,718  ft/sec 

Dynamic  Pressure  at 
Transition  Point 

1000  psf 

Ri  segment  1 

1.862 

/?2  segment  2 

1.334 

Propellant  mass 
segment  1 

185,177  Ibm 

Propellant  mass 
segment  2 

53,870  Ibm 

Ispave  segment  1 

1130  sec 

relative  performance  of  suborbital  trajectories  as  compared  to  baseline  trajectory 
performance. 

The  next  step  of  the  energy  analysis  was  to  calculate  trajectory  performance 
for  various  suborbital  trajectories  and  compare  the  results  to  that  of  the  baseline 
flight  path.  Table  2  includes  some  of  the  key  parameters  calculated  in  the  analysis  of 
a  pi'i  ticular  suborbital  trajectory.  The  result  of  interest  is  the  payload  ratio  where 
the  payload  capacity  of  a  particular  suborbital  trajectory  is  divided  by  the  payload 
capacity  of  the  baseline  ascent  trajectory. 

Due  to  the  flexibility  allowed  by  the  energy  analysis,  it  was  possible  to  deter¬ 
mine  the  relative  performance  for  a  wide  range  of  suborbital  trajectories  with  initial 
pullup  velocities  ranging  from  zero  to  orbital  speed  and  the  initial  pullup  altitude 
ranging  from  zero  to  orbital  altitude.  The  results  of  an  analysis  of  all  possible  sub¬ 
orbital  trajectories  is  shown  in  Figure  13  as  a  plot  of  payload  ratios  versus  pullup 
initial  conditions. 

While  Figure  13  was  useful  for  illustrating  the  relation  of  suborbital  trajectory 
performance  for  various  pullup  starting  conditions,  most  of  the  points  in  this  graph 
were  unrealistic  for  tual  application.  For  example,  the  extreme  pullup  starting 
points  of  orbital  altitude  and  zero  velocity  or  zero  altitude  and  orbital  velocity  make 
little  sense  as  the  initial  conditions  for  a  suborbital  trajectory.  It  was  determined  that 
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Table  2.  Energy  Analysis  Suborbital  Trajectory  Results. 


Suborbital  Trajectory 
Performance  Parameter 

Value 

Popup  Velocity 

Popup  Altitude 

AV  segment  1 

AV  segment  2 

AV  booster 

Propellant  burned  seg  1 
Propellant  burned  seg  2 
Booster  propellant 
Booster  structure 

Final  Payload  weight 

22403.4  ft/sec 
146,404  ft 
22,611  ft/sec 
243  ft /sec 
3,514  ft/sec 
185,177  Ibm 
4,037  Ibm 
21,923  Ibm 
2,192  Ibm 
67,671  Ibm 

Payload  Ratio 
( Suborbital/Baseline) 

1.62 

a  more  realistic  set  of  pullup  starting  conditions  could  be  obtained  by  applying  the 
dynamic  pressure  constraints  listed  in  Appendix  A.  These  dynamic,  pressure  limits 
require  a  minimum  of  400psi  for  scramjet  operation  and  a  maximum  of  2000psi 
to  maintain  structural  integrity..  Application  of  these  dynamic  pressure  limits  are 
indicated  by  the  narrow  dark  band  in  Figure  13.  As  can  be  observed  in  Figure  13, 
application  of  the  dynamic  pressure  limits  eliminated  nearly  all  of  the  pullup  starting 
conditions.  The  remaining  points  represented  a  more  realistic  set  of  pullup  starting 
conditions  that  were  then  plotted  as  shown  in  Figure  14.. 

Since  the  energy  analysis  was  used  to  calculate  suborbital  trajectory  perfor¬ 
mance  based  on  the  same  vehicle  design  parameters  as  used  with  the  OTIS  analysis, 
it  is  useful  to  compare  th*"  results  of  the  two  different  analysis  techniques.  This 
comparison  is  shown  in  Figure  15.  The  following  observations  can  be  made  from  the 
information  presented  in  this  figure: 

•  Figure  15  shows  a  very  good  correlation  between  the  OTIS  and  energy  analysis 
results  for  suborbital  trajectories  initiated  during  the  airbreathing  portion  of 
the  baseline  ascent..  However,  the  results  of  the  two  analysis  techniques  appear 
to  deviate  for  trajectories  initiated  during  the  rocket  powered  portion  of  the 
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Figure  13.,  Energy  Analysis  showing  Payload  ratio  versus  all  possible  pullup  start¬ 
ing  conditions. 


ascent.,  A  closer  review  of  the  energy  analysis  technique  helps  to  explain  the 
deviation.  The  energy  analysis  assumed  airbreathing  propulsion  was  a.lways 
used  up  to  the  initiation  of  the  pullup  maneuver.  The  OTIS  analysis  did  not 
allow  for  airbreathing  propulsion  at  speeds  greater  than  that  of  the  baseline 
transition  point  resulting  in  a  more  realistic  trajectory  simulation.;  Since  two 
different  assumptions  were  used  for  suborbital  trajectories  initiated  after  the 
baseline  transition  point,  it  weis  expected  to  observe  a  deviation  between  the 
two  analysis  methods  in  this  region.. 

•  The  good  correlation  between  the  OTIS  and  energy  analysis  data  established 
a  beisis  for  the  use  of  the  energy  analysis  for  estimating  suborbital  trajectory 
performance.. 
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Figure  14.  Energy  Analysis  showing  Payload  ratio  versus  realistic  pullup  starting 
conditions 
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Figure  15.  Comparison  of  energy  analysis  to  OTIS  results. 
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5.2  Sensitivity  Analysis 

The  energy  analysis  was  used  to  perform  a  first  order  sensitivity  analysis  of 
various  vehicle  design  parameters  and  flight  constraints  in  order  to  illustrate  the 
relation  of  these  parameters  to  suborbital  trajectory  performance.  This  sensitivity 
analysis  was  performed  by  perturbing  the  various  vehicle  and  trajectory  parameters 
one  at  a  time,  recalculating  the  baseline  and  suborbital  performance  based  on  the 
perturbed  value,  and  then  comparing  the  results  to  the  original  performance  shown 
in  Figure  14.  Table  3  lists  the  key  design  parameter  and  fiightpath  assumptions  used 
to  calculate  performance  results  shown  in  Figure  14,  giving  the  original  values  for 
each  design  parameter  along  with  two  perturbed  values.  The  energy  analysis  tech¬ 
nique  was  used  with  each  perturbed  value  to  recalculate  the  baseline  and  suborbital 
trajectory  performance.  For  these  energy  analysis  calculations,  the  iterative  method 
was  used  resulting  in  the  calculation  of  the  perturbed  baseline  payload  capacity  for 
each  case  analyzed.  The  resulting  baseline  payload  capacity  based  on  each  of  the 
perturbed  values  is  shown  in  Table  4. 

The  energy  analysis  results  for  each  perturbed  value  in  Table  3  is  shown  as  a 
plot  of  payload  ratio  versus  initial  pullup  velocity  in  Figures  16  through  33.  For  each 
of  these  figures,  only  the  perturbed  value  was  changed  so  that  all  other  parameters 
were  maintained  at  the  baseline  values..  Each  of  these  figures  includes  the  original 
performance  curve,  based  on  the  initial  design  parameters,  shown  as  a  dotted  line, 
and  the  perturbed  performance  shown  as  a  solid  line.  Each  plot  of  the  various  per¬ 
turbed  values  includes  only  suborbital  trajectory  performance  for  pullup  maneuvers 
initiated  during  the  airbreathing  portion  of  the  baseline  ascent.  As  was  previously 
mentioned,  the  energy  analysis  for  suborbital  trajectories  initiated  after  the  baseline 
transition  point,  is  not  expected  to  be  representative  of  actual  vehicle  performance. 
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Table  3.  Sensitivity  Analysis  for  Design  and  Trajectory  Parameter  Assumptions 
(20%  variations). 


Design 

Parameter 

Original 

Value 

Decreased 

Value 

Increased 

Value 

Launch  Vehicle 

Structural  Mass 

(Structure  and  propellant  reserve) 

119,000  Ibm 

95,200  Ibm 

142,800  Ibm 

Launch  Vehicle  Average 
Airbreathing  Specific 

Impulse 

1,130  sec 

904  sec 

1,356  sec 

Launch  Vehicle 

Rocket  Specific  Impulse 

400  sec 

320  sec 

480  sec 

Booster  Engine 

Specific  Impulse 

400  sec 

320  sec 

480  sec. 

Booster  Engine  Structural 

Mass  Ratio 

.10 

.08 

.12 

Baseline  Transition 

Velocity 

22,403  ft/sec 

17,923  ft /sec 

25,568  ft /sec 

Target  Orbit  Altitude 

100  nm 

80  nm 

120  nm 

Average  Scramjet 

Dynamic  Pressure 

1,000  psf 

800  psf 

1,200  psf 

Deployment  Dynamic  Pressure 

.5  psf 

.4  psf 

.6  psf 
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Table  4.  Baseline  Payload  Capacity  Based  on  Perturbed  Performance  Parameters. 


Perturbed  Baseline 
Payload  Capacity 

Design  Parameter 

Parameter 

Decreased 

Parameter 

Increased 

Launch  Vehicle 

Structural  Mass 

(Structure  and  propellant  reserve) 

65,551  Ibm 

18,057  Ibm 

Launch  Vehicle  Average 
Airbreathing  Specific 

Impulse 

18,698  Ibm 

59,341  Ibm 

Launch  Vehicle 

Rocket  Specific  Impulse 

30,624  Ibm 

49,722  Ibm 

Booster  Engine 

Specific  Impulse 

41,898  Ibm 

41,898  Ibm 

Booster  Engine*  Structural 

Mass  Ratio 

41,898  Ibm 

41,898  Ibm 

Baseline  Transition 

Velocity 

9,244  Ibm 

69,630  Ibm 

Target  Orbit  Altitude 

42,693  Ibm 

40,933  Ibm 

Average  Scramjet 

Dynamic  Pressure 

41,943  Ibm 

41,860  Ibm 

Deployment  Dynamic  Pressure 

41,897  Ibm 

41,898  Ibm 

Original  Baseline  Payload  Capacity  41,8981bm 


Figure  16.  Sensitivity  Analysis  Launch  Vehicle  Structural  Mass  95,2001bm, 


Figure  17.  Sensitivity  Analysis  with  Launch  Vehicle  Structural  Mass  142,800ibm. 


s  (v/vcir) 


Figure  20.  Sensitivity  Analysis  with  Launch  Vehicle  Rocket  Specific  Impulse 
320sec. 


Figure  21.  Sensitivity  Analysis  with  Launch  Vehicle  Rocket  Specific  Impulse 
480sec. 
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24.  Sensitivity  Analysis  with  Booster  Engine  Structural  Mass  Ratio  .08. 


Figure  25.  Sensitivity  Analysis  with  Booster  Engine  Structural  Mass  Ratio  .12. 


41 


.3  0. 

s  (v/vcir) 


0.7 


Figure  27.  Sensitivity  Analysis  with  Baseline  Transition  Velocity  of  25,568ft/sec 


Payload  Ratio  Payload  Ratio 


igure  28.  Sensitivity  Analysis  with  Target  Orbit  Altitude  of  80nra. 


Figure  29.,  Sensitivity  Analysis  with  Target  Orbit  Altitude  of  120nm. 
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Figure  32.  Sensitivity  Analysis  with  Deployment  Dynamic  Pressure  of  .4psf. 


Figure  33..  Sensitivity  Analysis  with  Deployment  Dynamic  Pressure  of  .6psf. 
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Ba^ed  on  the  information  presented  in  Figures  16  -  33,  the  various  design  as¬ 
sumptions  were  listed  in  order  of  importance  as  shown  in  Table  5.  Table  5  also 
includes  the  absolute  percentage  change  between  the  perturbed  and  original  perfor¬ 
mance  for  each  design  parameter.;  The  absolute  percentage  change  for  each  design 
parameter  was  determined  by  dividing  the  difference  between  the  perturbed  and  orig¬ 
inal  payload  ratios  by  the  original  payload  ratio  evaluated  at  the  baseline  transition 
point.  As  shown  in  Table  5,  the  four  design  parameters  having  the  most  significant 
influence  on  suborbital  trajectory  performance  were  the  beiseline  transition  veloc¬ 
ity,  launch  vehicle  structural  mass  ratio,  launch  vehicle  average  airbreathing  specific 
impulse,  and  the  launch  vehicle  rocket  specific  impulse. 


Table  5..  Design  Parameters  Listed  In  Order  of  Importance  with  Percent  Change 
In  Payload  Ratio  Resulting  from  Perturbed  Performance  Values.; 


Design  Parameter 

Percent  Change  in 
Payload  Ratio 

Decreased 

Value 

Increased 

Value 

Baseline,  Transition 

Velocity 

352.1% 

-40.0% 

Launch  Vehicle  Structural 

Mass 

-19.7% 

71.5% 

Launch  Vehicle  Average 
Airbreathing  Specific 

Impulse 

49.7% 

-11.9% 

Launch  Vehicle  Rocket 

Specific  Impulse 

35.0% 

-]5..3% 

Booster  Engine  Specific 

Impulse 

-7.5% 

5.3% 

Target  Orbit  Altitude 

-1.3% 

1.3% 

Booster  Engine  Structural 

Mass  Patio 

0.65% 

-0.65% 

Average  Scramjet 

Dynamic  Pressure 

-0.03% 

0.03% 

Deployment  Dynamic  Pressure 

0.0% 

0.0% 

The  information  presented  in  Figures  16  -  33  was  found  to  contain  details  that 
were  not  readily  apparent  from  a  casual  review  of  the  various  plots.  For  this  reason. 
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a  brief  discussion  is  presented  here  concerning  the  results  shown  in  a  few  of  these 
figures. 

Figure  26  shows  the  sensitivity  analysis  results  with  a  baseline  transition  ve¬ 
locity  of  17,923  ft/sec.  As  shown  in  Table  5,  it  was  found  that  the  baseline  transition 
velocity  has  greater  impact  on  suborbital  performance  than  any  of  the  other  design 
assumptions  analyzed  in  this  thesis..  In  order  to  fully  understand  the  energy  analy¬ 
sis  results,  it  is  important  to  remember  that  this  analysis  results  in  a  recalculation 
of  both  the  baseline  and  suborbita’  performance.  For  example,  the  original  values 
for  the  various  design  parameters  resulted  in  a  baseline  trajectory  with  a  payload 
capacity  of  41,898  Ibm.  When  the  original  baseline  transition  point  was  changed 
to  17,923  ft/sec,  the  energy  analysis  calculations  showed  that  the  resulting  baseline 
trajectory  payload  capacity  was  reduced  to  9,244  Ibm.  The  reduced  baseline  trajec¬ 
tory  performance  in  this  case  was  a  result  of  the  launch  vehicle  relying  on  the  less 
efficient  rocket  engines  for  a  greater  portion  of  the  ascent  trajectory..  The  suborbital 
trajectory  analysis  based  on  a  baseline  transition  at  17,923  ft/sec  showed  the  use  of 
suborbital  flight  paths  could  deliver  payload  of  up  to  6.2  times  heavier  than  would 
be  possible  using  the  baseline  trajectory  (57,313  Ibm  payload  with  a  suborbital  tra¬ 
jectory  initiated  at  the  baseline  transition  point  as  compared  to  9,244  Ibm  payload 
with  the  baseline  trajectory).  The  significant  performance  increase  realized  by  the 
suborbital  trajectories  in  this  case  is  explained  by  the  ability  of  the  suborbital  flight- 
path  to  use  the  less  efficient  rocket  engines  for  the  acceleration  of  only  the  payload 
into  the  final  orbit  and  not  the  entire  structure  of  the  launch  vehicle. 

The  sensitivity  analysis  results  shown  in  Figure  27  indicate  how  suborbital 
trajectory  performance  changes  ba.sed  on  the  baseline  transition  velocity  being  in¬ 
creased  to  25,568  ft/sec.  This  case  represents  a  launch  vehicle  that  is  capable  of  using 
airbreathing  engines  to  accelerate  all  the  way  to  orbital  velocities.  Since  the  launch 
vehicle  avoids  extended  use  of  the  more  inefficient  rocket  engines  in  this  case,  the 
baseline  trajectory  performance  is  increased  resulting  in  a  heavier  payload  delivered 
into  orbit  (69,630  Ibm  for  the  perturbed  baseline  trajectory  as  compared  to  41,898 
Ibm  for  the  original  baseline  trajectory)..  The  use  of  the  higher  efficiency  airbreathing 
engines  to  a  larger  extent  in  this  case  results  in  a  beiseline  performance  greater  than 
that  of  the  suborbital  trajectories  as  is  indicated  by  the  large  region  with  a  payload 
ratio  less  than  1.0. 
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One  of  the  primary  observations  drawn  from  Figures  26  and  27  is  that  as  the 
launch  vehicle  transition  velocity  decreases,  the  use  of  suborbit  ’  trajectories  shows 
more  and  more  potential.  These  figures  also  show  that  the  best  overall  performance 
(both  suborbital  and  baseline)  can  be  obtained  by  designing  a  launch  vehicle  so  as  to 
maximize  the  beiseline  transition  point..  This  point  is  indicated  by  the  comparison  of 
the  heaviest  suborbital  trajectory  payload  capacity  with  a  baseline  transition  point  of 
17,923  ft/sec  against  the  baseline  payload  capacity  with  a  transition  point  of  25,568 
ft/sec  (57,443  Ibm  as  compared  to  69,630  Ibm). 

Observations  similar  to  those  presented  for  Figures  26  and  27  can  also  be  made 
with  the  other  figures  generated  from  the  sensitivity  analysis.  In  each  Ccise,  if  the 
perturbed  performance  parameter  resulted  in  decreased  launch  vehicle  performance, 
then  the  baseline  payload  capacity  was  also  decreased  (cis  shown  in  Table  4).  In 
the  cases  where  the  launch  vehicle  performance  was  decreased,  then  the  relative 
suborbital  trajectory  performance  improved.  The  reverse  of  this  pattern  was  also 
true,  if  the  launch  vehicle  performance  increased,  then  the  suborbital  trajectory 
performance  decreased.  In  the  cases  where  the  payload  booster  moioi  vvao  i.;ther 
increased  or  decreased,  then  the  relative  suborbital  performance  was  also  either 
Increased  or  decreased  respectively.. 

Another  observation  that  can  be  made  from  the  sensitivity  analysis  results 
involves  the  optimum  initial  conditions  for  initiation  of  a  suborbital  pullup  maneuver.- 
In  nearly  every  sensitivity  analysis  result  shown  in  Figures  16  -  33,  the  best  suborbital 
trajectory  performance  was  indicated  when  the  initial  pullup  velocity  coincided  with 
the  velocity  of  the  baseline  transition  point.-  The  only  exception  to  this  was  shown 
in  Figure  18  where  the  launch  vehicle  average  airbreathing  specific  impulse  was 
reduced  from  the  original  value.  With  a  reduced  airbreathing  specific  impulse,  the 
best  suborbital  performance  was  indicated  at  pullup  velocities  slightly  less  than  th.at 
of  the  baseline  transition  point.; 
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VI.  Conclusions  and  Recommendations 


Based  on  the  objectives  of  this  project,  the  results  presented  in  the  previous 
chapters  led  to  the  following  conclusions; 

•  The  results  of  the  two  analytical  methods  used  in  this  research  indicated  that 
NDV  suborbital  launch  trajectories  could  be  used  to  increase  the  payload 
weight  to  orbit  capacity  as  compared  to  that  of  a  standard  launch  profile. 
Based  on  the  OTIS  simulation  program  and  the  energy  analysis  results,  sub- 
orbital  trajectory  performance  showed  a  61%  increase  over  baseline  trajectory 
performance. 

•  The  results  of  this  study  indicated  that  iu  most  cases,  the  optimum  point 
for  the  initiation  of  a  pullup  maneuver  coincides  with  the  baseline  transition 
point.  By  initiating  a  suborbital  trajectory  in  this  manner,  the  launch  vehicle 
takes  full  advantage  of  improved  efficiency  of  airbreathing  engines  prior  to  the 
transition  to  rocket  propulsion  for  the  suborbital  pullup.  However,  the  results 
also  ’iidicated  that  there  were  certain  launch  vehicle  design  configurations  that 
would  allow  for  the  best  suborbital  performance  to  be  obtained  by  initiating  the 
suborbital  pullup  at  speeds  lower  than  that  of  the  baseline  transition  point. 
Since  the  starting  conditions  for  optiinal  suborbital  pullup  can  be  affected 
by  various  design  considerations,  it  would  be  necessary  to  perform  a  separate 
analysis  to  determine  the  best  suborbital  starting  conditions  based  on  a  launch 
veh'cle  design  different  from  that  used  for  this  research. 

•  The  amount  of  time  available  for  payload  deployment  from  a  launch  vehicle 
following  a  suborbital  trajectory  is  limited.:  The  payload  weight  that  can  be 
delivered  to  orbit  from  a  suborbital  trajectory  decreases  as  the  amount  of  time 
used  for  deployment  increases.  Results  from  this  analysis  showed  deployment 
time  periods  of  up  to  700  seconds  could  be  expected  without  degrading  subor¬ 
bital  performance  below  that  of  the  baseline  ascent. 

•  The  use  of  a  simplified  energy  analysis  technique  was  useful  in  estimating  the 
relationship  bet  veen  various  launch  vehicle  design  parameters  and  suborbital 
launch  trajectory  performance.  This  analysis  method  showed  that  the  baseline 
transition  velocity,  launch  vehicle  structural  mass,  launch  vehicle  airbreathing 
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engine  efficiency,  and  the  launch  vehicle  rocket  engine  efficiency  have  the  largest 
impact  on  overall  suborbital  trajectory  performance. 

Since  this  thesis  provided  only  a  limited  first  look  at  suborbital  launch  trajec¬ 
tory  performance,  several  areas  could  benefit  from  additional  research.  Topics  for 
additional  research  include: 

•  Analysis  of  the  reentry  portion  of  suborbital  trajectories  to  include  propellant 
requirements  for  a  return  to  a  landing  location., 

•  Additional  research  using  the  OTIS  simulation  program  with  improved  engine 
and  aerodynamic  models  based  on  experimental  data  from  an  actual  lifting 
body  design. 

•  Investigation  of  the  operational  procedures  required  to  satisfy  the  short  de¬ 
ployment  times  that  would  be  encountered  with  suborbital  launch  trajectories. 

•  Additional  research  into  the  utility  of  the  energy  analysis  technique.  This 
research  should  evaluate  if  a  correlation  between  the  energy  analysis  technique 
and  the  OTIS  simulation  technique  exists  based  on  vehicle  designs  other  than 
the  one  used  for  this  analysis., 

•  Additional  investigation  into  the  sensitivity  analysis  of  various  launch  vehicle 
design  parameters  could  help  in  determining  an  ideal  launch  vehicle  configura¬ 
tion.. 
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Appendix  A,  Representative  Vehicle  Design 

In  order  to  produce  meaningful  results  using  the  analytical  methods  explained 
in  this  thesis,  it  was  necessary  to  perform  calculations  based  on  a  specific  vehicle 
design.  The  design  parameters  used  in  the  different  analysis  methods  are  presented 
below. 

For  the  simplified  energy  analysis,  only  a  few  bcisic  physical  design  parameters 
were  required  along  with  some  information  on  engine  performance  and  flightpath 
constraints.  The  design  parameters  used  for  the  energy  analysis  presented  in  this 
thesis  are  included  in  Table  6.,  Launch  vehicle  weights  were  based  on  a  study  pre¬ 
sented  by  Kasten  (7:5),  and  the  dynamic  pressure  constraints  were  based  on  a  study 
presented  by  Lepsch  et  all  (10:5).  Other  values  were  selected  as  reeisonable  represen¬ 
tations  for  specific  impulse  and  transition  Mach  number  for  the  baseline  ascent. 


Table.  6.  Design  and  Performance.  Parameters  used  for  Energy  Analysis. 


Design  Parameter 

Parameter  Value 

Vehicle 

Parameters 

Gross  Weight 

400,000  Ibm 

Empty  Weight 

90,000  Ibm 

Total  Propellant  Weight 

290,000  Ibm 

Propellant  Reserve 

29,000  Ibm 

Payload  Weight 

20,000  Ibm 

Rocket  Isp 

400  sec 

Booster 

Parameters 

Booster  Isp 

400  sec 

Booster  Structural 

Mass  Fraction 

0.1 

Trajectory 

Constraints 

Target  orbit  Altitude 

100  nm 

Deployment  Dynamic  Pressure 

0.5  psf 

Max  Structural 

Dynamic  Pressure 

1200  psf 

Min  Scramjet 

Dynamic  Pressure 

400  psf 

Baseline  Transition 

Mach  Number 

20.75 

For  the  trajectory  analysis,  using  the  OTIS  computer  program,  additional  in¬ 
formation  was  required  along  with  the  parameters  listed  in  Table  6.  The  additional 


input  data  involved  the  launch  vehicle  aerodynamic  performance,  additional  flight 
constraints  and  more  detailed  engine  performance  data.  Efforts  were  taken  to  make 
all  OTIS  data  representative  of  the  type  of  performance  expected  from  a  hypersonic 
lifting  body  launch  vehicle.  Two  different  aerodynamic  models  were  incorporated 
with  OTIS  for  the  vehicle  lift  coefficient.  The  first  lift  coefficient  model  was  for 
speeds  between  Mach  0  to  Mach  4  and  was  a  function  of  speed  and  vehicle  angle  of 
attack  as  shown  in  Figure  34.  The  information  used  to  develop  this  particular  model 
Wcis  based  on  a  study  by  Kauffman  et  all  (8:21)  and  by  Vinh  (16:67-73). 


Figure  34.-  Low  Speed  Coefficient  of  Lift  (8:21). 


A  high  speed  model  for  the  launch  vehicle  coefficient  of  lift  was  developed  based 
on  Simple  Newtonian  Impact  Theory  resulting  in  the  relationship  shown  in  equation 
20  as  presented  by  Anderson  (1:46-53).  Equation  20  is  plotted  for  various  angles  of 
attack  in  Figure  35. 


Cl  =  2  sin^  a  cos  a  (20) 

The  model  for  aerodynamic  drag  was  also  based  on  the  Simple  Newtonian 
Impact  Theory  eis  presented  by  Anderson  (1:46-53).  A  small  change  was  made  to 
this  theory  to  allow  for  non-zero  drag  at  a  zero  angle  of  attack  resulting  in  a  more 
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Figure  35.  High  Speed  Coefficient  of  Lift. 


realistic  simulation.  The  relationship  used  to  calculate  values  for  the  coefficient  of 
drag  is  shown  in  equation  21  with  values  for  ihe  drag  coefficient  at  zero  angle  of  attack 
(Cdo)  plotted  in  Figure  36.  Values  fo;  Cdg  are  ba.sed  on  information  presented  by 
Kauflfman  (8:21). 

Cd  =  Cdo +  a  (21) 

The  OTIS  simulation  program  allowed  for  the  use  of  an  improved  engine  per¬ 
formance  model  compared  to  the  assumption  of  a  constant  specific  impulse  used  with 
the  energy  analysis  technique..  For  the  OTIS  simulation,  different  specific  impulse 
values  were  used  to  represent  transitions  from  turbojets  to  ramjets,  scramjets  and 
finally  to  rocket  propulsion.  The  values  used  to  represent  the  '  ous  phases  of  en¬ 
gine  performance  are  based  on  studies  presented  by  Kors  (9:1)  and  Kauffman  et  all 
(8:23-24)  as  shown  in  Figures  37  and  38. 

Additional  flight  constraints  were  also  incorporated  in  the  OTIS  model  as  in¬ 
dicated  in  Table  7.  Tnese  constraints  are  based  on  studies  by  Lepsch  et  all  (10:5) 
Berarducci  (2:8)  and  interviews  with  Hasten  (6). 
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Rocket  isp  (sec) 


Figure  38..  Rocket  Fuel  Specific  Impulse  (8:23-24). 


Table  7.  Vehicle  Flight  Constraints  used  with  OTIS  Simulation 


Constraint 

Value 

Maximum  Stagnation  Temperature 

4500  F 

Maximum  Acceleration  Force 

3g 

Maximum  Engine  Thrust 

250000  Ibf 
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Appendix  B.  Baseline  Trajectory  Data 

This  appendix  presents  baseline  performance  information  generated  by  the 
OTIS  simulation  program.  This  data  was  generated  based  on  the  representative 
vehicle  mass  parameters  and  flight  constraints  as  presented  in  Appendix  A  with  the 
exception  for  the  baseline  propellant  consumption  and  payload  weight  delivered  to 
orbit.  The  trajectory  propellant  and  payload  weights  were  determined  by  the  OTIS 
program  based  on  the  aerodynamic  and  propulsion  models  used  for  this  simulatior, . 

The  data  presented  in  this  appendix  is  divided  into  three  sections:.  1)  Table  8 
presents  a  summary  of  various  performance  values.  2)  A  tabular  listing  of  several 
flight  parameters  with  respect  to  time  provide  detailed  information  of  the  final  op¬ 
timized  baseline  trajectory  developed  by  OTIS.  A  key  to  the  flight  parameter  labels 
along  with  the  units  used  is  included  at  the  end  of  the  tabular  listing.  3)  Figures  39 
to  43  include  plots  of  a  few  flight  parameters  as  they  vary  with  respect  to  time. 


Table  8.:  Summary  of  Baseline  Trajectory  Performance. 


Performance  Parameter 

Value 

Total  Time  of  Flight 

1932  sec 

Airbreathing  Time  of  Flight 

1477  sec 

Rocket  Powered  Time  of  Flight 

455  sec 

Total  Propellant  Consumption 

239,102  Ibm 

Propellant  Consumption  during 

Air  Breathing  phase 

186,271  Ibm 

Propellant  Consumption  during 
Rocket  Powered  phase 

52,831  Ibm 

Transition  Velocity 

22403  ft/sec 
(Mach  20.75) 

Transition  Altitude 

169,476  ft 

Payload  Weight  Delivered  to  Orbit 

41,898  Ibm 
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TIME 

ALT 

VEL 

WEIGHT 

THRUST 

GAMMA 

ALPHA 

LIFT 

DRAG 

Q 

TEMP 

ACCEL 

O.OOOOOOOOE+00 

O.OOOOOOOOE+00 

150.00000 

400000.00 

260000.00 

O.OOOOOOOOE+00 

31.785611 

188688.22 

44944.924 

26.739991 

30.275424 

0.92547249 

15.000000 

31.291922 

399.50587 

399024.94 

260000.00 

5.2232315 

9.8463818 

415005.32 

25315.583 

189.85586 

59.973669 

1.2886468 

30.000000 

407.88037 

645.90270 

398044.51 

260000.00 

1.3513409 

2.5903525 

281719.36 

38592.663 

489.89708 

83.697703 

0.92316797 

45.000000 

1643.5090 

847.03984 

397018.83 

260000.00 

17.999256 

5.0533587 

911266.14 

71126.079 

812.29193 

105.37758 

2.4000637 

60.000000 

8616.0517 

822.92052 

395965.80 

260000.00 

42.780584 

1.9135208 

263430.46 

49745.692 

620.12583 

77.539286 

0.86822924 

75.000000 

15906.573 

798.34007 

394918.21 

260000.00 

29.530456 

1.4127532 

144913.44 

36898.517 

462.05046 

48.634019 

0.68245555 

90.000000 

21211.869 

862.61319 

393857.89 

260000.00 

24.700835 

4.4223487 

443107.09 

42709.181 

451.33888 

39.047928 

1.2980958 

105.00000 

27834.718 

885.76796 

392774.80 

260000.00 

35.292419 

4.6957714 

392794.91 

41045.658 

376.79569 

19.216579 

1.1915162 

120.00000 

35549.050 

880.42404 

391682.00 

260000.00 

33.154348 

2.6598320 

164655.10 

31874.680 

278.83721 

-8.6179356 

0.73617475 
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TIME 

THRUST 

DRAG 

ALT 

GAMMA 

Q 

150.00000 

260000.00 

45742.054 

43646.314 

3.7984290 

321.76725 

165.00000 

260000.00 

52119.671 

44821.330 

4.2598700 

438.75343 

180.00000 

260000.00 

57438.782 

46897.818 

5.9523651 

527.13418 

195.00000 

260000.00 

63929.328 

49028.910 

3.3664654 

608.94540 

210.00000 

260000.00 

78966.809 

50140.741 

1.7608702 

725.35815 

225.00000 

260000.00 

97818.360 

51546.527 

3.7022037 

813,92643 

240.00000 

260000.00 

106094.95 

54560.429 

6.1896427 

805.37304 

255.00000 

260000.00 

105327.21 

58691.010 

6.4455561 

739.33361 

270.00000 

260000.00 

103527.02 

62467.130 

4.5871693 

691.23897 

VEL 

ALPHA 

TEMP 

WEIGHT 

LIFT 

ACCEL 

1146.2893 

4.6056355 

33.100583 

389429 . 04 

292184.62 

0.97292868 

1376.8483 

5.3600942 

80.205238 

388303.89 

421624.72 

1.2657838 

1586.3012 

4.1448735 

129.75093 

387206.90 

343374.77 

1.0708324 

1794.4373 

3.4988833 

185.24642 

386121.77 

283054.93 

0.92515735 

2011.4213 

4.7782571 

249.83326 

385049.25 

370596.73 

1.1209913 

2203.7835 

6.6750697 

312.12702 

383990.39 

437660.73 

1.2881042 

2356.5454 

7.8840693 

363.68002 

382942.94 

389607.91 

1 . 1788540 

2492.9754 

8.7859345 

410.42143 

381899.49 

301447.44 

0.97757676 

2638.9169 

9.3113419 

462.C08S5 

380853.86 

236927.70 

0.83553977 
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TIME 

THRUST 

DRAG 

ALT 

GAMMA 

Q 

VEL 

ALPHA 

TEMP 

WEIGHT 

LIFT 

ACCEL 

300.00000 

260000.00 

144480.90 

65567.103 

0.30915735 

747.89273 

2956.6163 

11.592028 

583.63622 

378738.8/’ 

284687.32 

0.93600323 

315.00000 

260000.00 

163517.42 

65633.107 

1.43509992E-03 

809.51388 

3080.9410 

11.962023 

634.65789 

377671.49 

317061.02 

1.0112213 

330.00000 

260000.00 

157980.19 

65632.160 

-5.26311129E-05 

874.01752 

3201.2616 

11.025667 

685.12154 

376509.24 

316636.08 

1.00648J6 

345.00000 

260000.00 

173052.93 

65705.818 

0.28389841 

934.79571 

3316.7161 

11.231129 

734.30772 

375522.08 

346004.91 

1.0785660 

360.00000 

260000.00 

179960.92 

66329.773 

1.1681837 

957.93007 

3409 . 5396 

11.356383 

773.38716 

374440.68 

358635 . 49 

1.1126707 

375.00000 

260000.00 

164694.01 

67751.177 

1.8920333 

942.18926 

3501.7852 

10.734346 

810.82637 

373355.61 

333421 . 18 

1.0512359 

390.00000 

260000.00 

146771.64 

69575.381 

1.9079368 

918.19795 

3615.2472 

9.9351915 

856.41349 

372266.45 

300740.55 

0.97371155 

405.00000 

260000.00 

133821.25 

71147.005 

1.2635271 

916.26267 

3753.1327 

9.0531857 

912.86150 

371172.15 

273464.43 

0.90944150 

417.97646 

260000.00 

129098.il 

71853.230 

0.32621732 

950.52742 

3889.2349 

8.2446525 

970.66778 

370220.53 

258354.74 

0.87041148 
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nil 

IH 

*  TIME 

ALT 

VEL 

WEIGHT 

—  THRUST 

GAMMA 

ALPHA 

LIFT 

1  DRAG 

Q 

TEMP 

ACCEL 

H  420.00000 

71939.525 

3892.2474 

370071.73 

1  259994.14 

0.99818353 

13.481412 

556085.13 

231187.22 

m 

947.99465 

971.73478 

1.6674529 

1  435.00000 

74781 . 143 

3935.6563 

368968.14 

259998.72 

4.4949058 

12.618805 

436221.84 

■  1848F5.00 

843.85389 

981.90011 

1.3491901 

450.00000 

80226.133 

4018.2939 

367862.28 

■  260000.19 

5.7797443 

11.954312 

314874.95 

*  136349 . 24 

675.64829 

998.P9206 

1.0524425 

I  465.00000 

86479.997 

4143.0880 

366752.58 

260000.12 

5.4204109 

11.662496 

236336.55 

H  103614.49 

531.85295 

102". 3791 

0.88884305 

480.00000 

91798.343 

4310.6101 

365637.38 

■  260000.00 

4.0482480 

11.911796 

206832 . 95 

■  89715.180 

446.86756 

1072.3534 

0.84288367 

■  495.00000 

95530.289 

4499 . 2537 

364514.90 

■  260000.09 

2.6397969 

12.658768 

212194.21 

89824.717 

408.00785 

1128.6742 

0.86449745 

*  510.00000 

98003.064 

4694.2851 

363384 . 58 

—  260000.16 

1.5272952 

13.598991 

235756.14 

I  97817.816 

395.29619 

1190.7184 

0.92151781 

H  525.000ro 

99568.797 

4884.6723 

362246 . 07 

1  260000.18 

0.90074022 

14.411968 

264858.49 

108936.78 

397.65408 

1253.9061 

0.99161867 

1  540.00000 

100698.70 

5062.8459 

361099.21 

259999.82 

0.81799994 

14.807225 

283977.28 

||  116710.79 

405.14679 

1313.6822 

1.0396193 

1 

1 
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TIME 

THRUST 

DRAG 

ALT 

GAMMA 

Q 

570.00000 

259999.79 

114511.46 

103293.19 

1.0783279 

409.44818 

585.00000 

260000.00 

110236.51 

104829.54 

1.1145833 

406 . 58832 

600.00000 

260000.33 

107463.24 

106398.61 

1.0158289 

402.20534 

615.00000 

260000.60 

106723.98 

107846.81 

0.88678719 

399.79725 

630.00000 

260000.49 

107112.56 

109176.93 

0.77180206 

399.31840 

645.00000 

259999.70 

107679.94 

110396.21 

0.71288786 

400.38656 

660.00000 

259998.34 

107514.02 

111589.46 

0.69526855 

401.39816 

675.00000 

259997.09 

106671.91 

112793.47 

0.69175229 

401.79030 

690.00000 

259996.65 

105434.67 

114015.15 

0.68575480 

401.54023 

VEL 

ALPHA 

TEMP 

WEIGHT 

LIFT 

AOCEL 

5408.0085 

14.575064 

1423.1425 

358781.58 

278574.37 

1.0321724 

5585.6355 

14.329975 

1475.9071 

357610.65 

267900.08 

1.0100262 

5770.2094 

14.213732 

1529.1804 

356431.60 

260951.35 

0.99743410 

5958.8838 

14.206591 

1583.1959 

355244.28 

259141.75 

0.99689729 

6149.8321 

14.245015 

1637.4517 

354048.44 

260161.09 

1.0028281 

6341 .2912 

14.265761 

1691.4258 

352843.86 

261577.91 

1.0094745 

6533.2924 

14.233461 

1744.4618 

351630.39 

261113.90 

1.0116134 

6726.7754 

14.163121 

1796.5530 

350407.87 

258922.97 

1.0097012 

6922.4669 

14.075042 

1347.8653 

349176.11 

255712.84 

1.0054701 
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TIME 

THRUST 

DRAG 

ALT 

GAMMA 

q 

720.00000 

259999.49 

102952.98 

116473.33 

0.63015402 

400.12839 

735.00000 

260000.84 

102004.80 

117663.52 

0.59331033 

399.82298 

750.00000 

260000.33 

101248.39 

118817.69 

0.55921135 

399.93890 

765.00000 

259998.84 

100625.27 

119939.08 

0.53411756 

400.38783 

780.00000 

259999.11 

99974.880 

121048.04 

0.51845902 

400.78974 

795.00000 

259999.95 

99179.988 

122155.59 

0.50849470 

400.96964 

810.00000 

259999.91 

98129.856 

123272.40 

0.50037111 

400.76121 

825.00000 

259999.72 

96842.919 

124394.00 

0.48643946 

400.30268 

840 . 00000 

259999.99 

95513.651 

125504.19 

0.46562160 

399.91299 

VEL 

ALPHA 

TEMP 

WEIGHT 

LIFT 

ACCEL 

7322.4463 

13.912632 

1949.1489 

346683.93 

249247.36 

0.99721697 

7526.4695 

13.844527 

1999.5556 

345423.07 

246739.01 

0.99482617 

7732.8417 

13.782410 

2049.8575 

344152 . 17 

244703.32 

0.99352664 

7941.2520 

13.723752 

2099.9640 

342873.15 

242992.68 

0.99297448 

8151.6004 

13.663496 

2149.6351 

341584.37 

241202.25 

0.99227973 

8364.0798 

13.595601 

2198.8] 10 

340276.90 

239025.96 

0.99076210 

8578.8919 

13.514026 

2247.4231 

338941.73 

236170.85 

0.98777482 

8796.5394 

13.416856 

2295.6740 

337574.31 

232669.67 

0.98339378 

9017.2233 

13.313320 

2343.8378 

336173.88 

229026.33 

0.97878233 
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TIME 

THRUST 

DRAG 

ALT 

GAMMA 

Q 

870.00000 

259999.67 

93450.658 

127640.17 

0.41652221 

400 . 22478 

885.00000 

259998.47 

92797.844 

128667.16 

0.40210560 

400.84545 

900.00000 

259997.35 

92103.754 

129691.29 

0,39672891 

401.33016 

915.00000 

259997.01 

91110.259 

130731.28 

0.39702645 

401.36699 

930.00000 

259997.97 

89631.322 

131798.70 

0.39596428 

400.79660 

945.00000 

259999.74 

87892.969 

132871.03 

0.38318260 

400.09237 

960.00000 

260000,96 

86249.330 

133923.61 

0.36184077 

399.68702 

975.00000 

260000.03 

85026.840 

134932.47 

0.33585894 

399.99084 

990.00000 

259996.37 

84349.727 

135895.04 

0.31783202 

400.98873 

VEL 

ALPHA 

TEMP 

HEIGHT 

LIFT 

ACCEL 

9467.4322 

13.131206 

2440.5751 

333267.64 

223247.85 

0.97333023 

9696.2747 

13.062349 

2488.9932 

331758.08 

221357.83 

0.97308787 

9927.4950 

12.992284 

2537.0919 

330207.43 

219358.43 

0.97275548 

10161.320 

12.904436 

2584.6608 

328612.92 

216551.80 

0.97075030 

10398.245 

12.784514 

2631.6477 

326971.76 

212419.29 

0.96590557 

10639.128 

12.641526 

2678.6016 

325280.41 

207536.18 

0.95953698 

10883.951 

12.498110 

2725.8921 

323534.59 

202852.19 

0.95381372 

11132.644 

12.377076 

2773.8904 

321729. 

199261.52 

0.95071148 

11334.463 

12.292386 

2822.4755 

319862.16 

197149.37 

0.95110307 
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TIME 

THRUST 

DRAG 

ALT 

GAMMA 

Q 

1020.0000 

259994.56 

83007.343 

137823.96 

0.32252181 

402.49122 

1035.0000 

260002.45 

81481.382 

138855.84 

0.33464213 

401.91415 

1050.0000 

260003.91 

79313.647 

139927.22 

0.33187992 

400.67616 

1065.0000 

259995.42 

77101.525 

140989.68 

0.31269239 

399.64149 

1080.0000 

259979.68 

75390.108 

141998.74 

0.28312796 

399.55063 

1095.0000 

259964.62 

74599.395 

142920.18 

0.25393766 

400.94028 

1110.0000 

259969.90 

74397.495 

143801.49 

0.24810521 

402.89115 

1125.0000 

259985.86 

74047.599 

144707 . 06 

0.26143218 

404.31750 

1140.0000 

259999.08 

72841.752 

145698.36 

0.28635823 

404.19770 

VEL 

ALPHA 

TEMP 

WEIGHT 

LIFT 

ACCEL 

11896.429 

12.131860 

2918.9083 

315912.81 

192962.98 

0.95284480 

12157.418 

11.991978 

2965.8576 

313817.28 

188441.94 

0.94885267 

12423.513 

11.795146 

3012.4394 

311620.34 

181972.13 

0.94094570 

12695.105 

11.580854 

3059.5436 

309328.23 

175194.00 

0.93275181 

12972.007 

11.393472 

3107.8966 

306955.70 

169716.04 

0.92765413 

13253.656 

11.274270 

3157.9979 

304522.97 

166873.43 

0.92832990 

13538.361 

11.209621 

3208.6499 

302060.91 

165827.48 

0.93306384 

13826.431 

11.138877 

3258.7744 

299563.61 

164384.92 

0.93727402 

14118.436 

10.999867 

3307.3420 

297020.94 

160382.25 

0.93641631 
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TIME 

THRUST 

DRAG 

ALT 

GAMMA 

q 

1170.0000 

259994.71 

67510.496 

147923.96 

0.28749746 

400.02364 

1185.0000 

259988.95 

65111.330 

148987.30 

0.25188683 

398.95650 

1200.0000 

259988.36 

63974.098 

149906.84 

0.20550594 

400.35720 

1215.0000 

259994.43 

64190.610 

150698.82 

0.18473226 

403.80590 

1230.0000 

260001.77 

64693.409 

151490.81 

0.19993452 

407.12996 

1245.0000 

260003.91 

64314.512 

152400.70 

0.23958902 

408.37593 

1260.0000 

259994.49 

62051.137 

153532.99 

0.28665158 

405.85535 

1275.0000 

259977.51 

58543.288 

154801.91 

0.29121495 

401.29336 

1290.0000 

259963.38 

55574.693 

156048.22 

0.25670376 

398.83800 

VEL 

ALPHA 

TEMP 

WEIGHT 

LIFT 

ACCEL 

14721.298 

10.424580 

3401.3988 

291777.52 

143012.29 

0.91667616 

15033.722 

10.124424 

3450.3676 

289071.38 

134768.84 

0.90860346 

15352.855 

9.9320346 

3502.6386 

286303.26 

130296.81 

0.90801466 

15675.923 

9.8841684 

3557.3763 

283468.12 

130191.37 

0.91588829 

16002.081 

9.8805143 

3611.9495 

280561.50 

131168.79 

0.92639564 

16332.275 

9.7976452 

3664.1814 

277579.51 

129433.24 

0.93242268 

16667.916 

9.5156910 

3712.1518 

274518.53 

121519.81 

0.92756855 

17013.348 

9.0413107 

3758.3811 

271373.78 

108700.30 

0.91496397 

17368.694 

8.5390446 

3807.8763 

268133.12 

96533.263 

0.90486177 
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TIME 

THRUST 

DRAG 

ALT 

GAMMA 

Q 

VEL 

ALPHA 

TEMP 

WEIGHT 

LIFT 

ACCEL 

1320.0000 

259973.07 

54187.625 

157946.94 

0.15203531 

403.14406 

18104.123 

8.1229368 

3920.4622 

261312.43 

88421.773 

0.91320243 

1335.0000 

259996.51 

55382.632 

158714.90 

0.16400188 

407.90035 

18478.424 

8.2410118 

3980.3059 

257709.86 

92046.310 

0.93044971 

1350.0000 

260012.49 

55859.589 

159611.27 

0.21485266 

410.58445 

18857.725 

8.2644871 

4037.6664 

253961.50 

93173.095 

0.94523819 

1365.0000 

260000.47 

53967.154 

160812.32 

0.28063823 

408.49816 

19244.097 

7.9182589 

4089.1761 

250052.96 

85204.761 

0.94705497 

1380.0000 

259954.20 

49682.518 

162252.61 

0.29061591 

402.95010 

19643.371 

7.0464504 

4137.0798 

245970.25 

66828.342 

0.93716967 

1395.0000 

259917.89 

46137.647 

163553.86 

0.21404323 

399.88606 

20058.451 

5 . 9904983 

4189.7280 

241687.34 

48158,155 

0.93223975 

1410.0000 

26993S.40 

44768.729 

164437,26 

9.27691162E-02 

403.36954 

20486.629 

5.2214840 

4252.6495 

237171.47 

37039.004 

0.93824667 

1426.0000 

260030.40 

46359.997 

‘164615.84 
■ 2.83125218E-02 
417.97023 

20924.983 

5.207932cJ 

4331.9277 

232384.79 

38183.380 

0.95270172 

.440.0000 

260063.65 

51648.861 

164143.74 

-3.10842699E-02 

443.30727 

21365.565 

6 . 1656^28 
4425.1975 

227240.21 

56512.851 

0.98344815 
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TIME 

THRUST 

DRAG 

ALT 

GAMMA 

Q 

1470.0000 

259497.78 

68674.232 

167123.06 

0.71829762 

428.56859 

1476 . 6486 

259224.52 

71692.821 

169475.85 

1.0730066 

400.00004 

1476 . 6486 

280000.00 

114337.23 

169475.85 

1.0730066 

400.00004 

1485 . 0000 

280122.98 

84206.055 

174412.82 

1.9050320 

342.48887 

1500.0000 

278638.65 

40836.890 

188993.89 

2.8602952 

210.18968 

1515.0000 

263283.17 

17696.993 

208132.48 

3.3432104 

105.82145 

1530.0000 

181474.83 

6946.0310 

229915.42 

3.5751632 

45.008369 

1545.0000 

55852.884 

2294.7753 

252942.15 

3.6259453 

16.182629 

1560.0000 

434.16673 

636.50577 

275965.55 

3.5528544 

5.2813182 

VEL 

ALPHA 

TEMP 

WEIGHT 

LIFT 

ACCEL 

22222.256 

9.9577384 

4518.0708 

216224.30 

140180.27 

1.2164405 

22403.414 

10.952584 

4500.0001 

213729.36 

157395.75 

1.2909004 

22403.414 

14 . 746424 

4500.0001 

213729.36 

278207.59 

1.7914986 

22616.811 

13.547079 

4434.2931 

208643.39 

202774.81 

1.5708955 

23098.133 

11.639647 

4208.7137 

199526.47 

93047.947 

1.3829240 

23671.853 

10.343415 

3894.8555 

190559.02 

37262.641 

1.3417693 

24192.401 

9.6060347 

3511.4097 

183132.39 

13727.001 

0.96938604 

24460.606 

8.7350336 

3065.1625 

179296.11 

4096.0002 

0.30332395 

24487.004 

6.7179413 

2613.6822 

178570.18 

797.33709 

4.88673667E 
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TIME 

THRUST 

DR4G 

ALT 

GAMMA 

Q 

VEL 

ALPHA 

TEMP 

WEIGHT 

LIFT 

ACCEL 

1590.0000 

691.12847 

67.048812 

320073.50 

3.3392477 

0.47695330 

24426.094 

8.6384037 

1822.2478 

178610.82 

118.10379 

3.66706319E-03 

1605.0000 

-78.791570 

26.560057 

341057.68 

3.2305077 

0.15166020 

24399.884 

10.750830 

1519.9968 

178602.48 

57.561881 

6.29655873E-04 

1620.0000 

390.35189 

6.8461919 

361321.09 

3.1202363 

5.11366012E-02 

24374.308 

8.0762002 

1270.3592 

178598.80 

11.089030 

2.15744209E-03 

1635.0000 

220.40760 

2.0597918 

380858.22 

3.0088347 

2.00549472E-02 

24350.336 

-1.3271779 

1081.0553 

178587.57 

-0.16735706 

1.22266262E-03 

1550.0000 

-36.252915 

1.6384002 

399663.62 

2.8962917 

9. 897386 19E-03 

24326 . 604 

-10.252272 

951.97158 

178585.04 

-3.4257439 

2.09620249E-04 

1665.0000 

95.377261 

1.0659441 

417732.31 

2.7827734 

5.69579235E-03 

24303.658 

-11.323804 

858.46325 

178584.56 

-2.3907951 

5.31041947E-04 

1680.0000 

111.37353 

0.37456860 

435060.14 

2.6682929 

3.63125392E-03 

24281.945 

-2.1250178 

786.80204 

178580.77 

-5.60444325E-02 

6.21574876E-04 

1695.0000 

18.765082 

0.27889051 

451643.70 

2.5530423 

2.48875895E-03 

24261.064 

5.4235556 

729.60245 

178578.56 

0.24630994 

1.03667049E-04 

1710.0000 

-1.3667090 

0.18544880 

467479.62 

2.4369488 

1.79958967E-03 

24240.975 

2.0200979 

682.54893 

178578.43 

2.53614257E-02 

8.68792595E-06 
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TIME 

THRUST 

DRAG 

1740.0000 
-1.19795495E- 
0 . 10878632 

1755.0000 

4.7997505 

9.39765401E- 

1770.0000 

3.2143167 

0.11318886 

1785.0000 

-1.4867107 

0.14352221 

1800.0000 

12.294432 
0 . 13604234 

1815.0000 

-11.382437 

9.91192860E- 

1830.0000 

119.20850 

6.70565667E- 

1845.0000 

994.89518 
5. 523442 13E 

1860.0000 

-36.452463 

5.49351307E 


ALT 

GAMMA 

Q 


VEL 

ALPHA 

TEMP 


WEIGHT 

LIFT 

ACCEL 


496894.54  24203.676 

02  2.2023722  -1.5278900 

1.05867957E-03  609.40779 


178578.42 

-1.01464200E-02 

6.78473874E-07 


510467.15  24186.487 

2.0839721  -5.1571307 

02  8.49256790E-04  580.36420 


178578.34 

-7.60993898E-02 

2.63959650E-05 


523279.22  24170.276 

1.9648820  -10.069609 

6.97751959E-04  555.11090 


178578.19 

-0.23323116 

1.76591015E-05 


535328.01  24155.027 

1.8451479  -13.522663 

5.85515234E-04  533.06784 


178578.19 

-0.34546889 

8.89817027E-06 


546610.92  24140.771 

1.7247967  -14.356373 

5.00099495E-04  513.63914 


178577.97 

-0.33066488 

6.85960588E-05 


557125.53  24127.482 

1.6038849  -12.949654 

02  4.34197283E-04  496.53604 


178577.90 

-0.23583655 

6.39998899E-05 


566869.73  24115.179 

1.4824437  -10.759004 

02  3.82541224E-04  481.44896 


178577.73 
-0 . 14540245 
6.67327700E-04 


575839.78  24105.456 

1.3599006  -10.039412 

02  3.41625685E-04  468.19890 


178558.01 

-0.11352846 

5.57163796E-03 


584031.43  24097.164 

1.2369028  -10.883370 

02  3.08955270E-04  456.58600 


178532.85 

-0.12008154 

2.04354344E-04 
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iiV;- 


M*  ! 


T 

THRUST 
DRAG 


GAMMA 

Q 


ALPHA 

TEMP 


HEIGHT 


LIFT 

ACCEL 


1890.0000 

58504.051 

5.59315950E-02 


598037.70 

0.95873951 

2.62923274E-04 


24145.468 

-12.383058 

439.47036 


177718.24 

■0.13110042 

0.32919539 


1905.0000 

161328.02 

5.50178170E-02 


603363.84 

0.69963261 

2.53159961E-04 


24429.766 

-12.554944 

440.88614 


174177.23 

-0.12960527 

0.92622897 


1920.0000 

239822.61 

5.90189132E-02 


606739.88 

0.33310077 

2.54831657E-04 


24985.757 

-13.065625 

452.51487 


167547.86 

-0.14079249 

1.4313676 


1931.7010 

280000.00 

6.60957468E-02 


607611.55 

6.75453901E-10 

2.64221640E-04 


25567.709 

-13.686308 

467.94751 


160898.44 

-0.15952036 

1.7402281 


Key  to  Parameters 


Parameter 

Units 

Description 

TIME 

seconds 

Simulation  Time 

ALT 

feet 

Altitude 

VEL 

ft/sec 

Flight  Velocity 

WEIGHT 

lb  mass 

Vehicle  Weight 

THRUST 

lb  force 

Vehicle  Thrust 

GAMMA 

degrees 

Flightpath  Angle 

ALPHA 

degrees 

Vehicle  Angle  of  Attack 

LIFT 

lb  force 

Aerodynamic  Lift  Force 

DRAG 

lb  force 

Aerodynamic  Drag  Force 

Q 

lb  force 

Dynamic  Pressure 

TEMP 

deg  F 

Stagnation  Temperature 

ACCEL 

Rs 

Total  Vehicle  Acceleration 

O  200  400  600 


800  lOOO  1200  1400  1600  180C  2000 

Ti.m4»  <  sec  ) 


Figure  39.  Bciseline  Trajectory  Altitude  versus  Time. 


Figure  40.  Baseline  Trajectory  Thrust  versus  Time. 


stagnation  teip  (deg  T) 
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Figure  43.  Baseline  Trajectory  Temperature  versus  Time. 
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Appendix  C.  Suborbital  Trajectory  Data 


This  appendix  presents  suborbital  trajectory  performance  information  gener¬ 
ated  by  the  OTIS  simulation  program.  This  appendix  only  includes  information 
for  a  specific  suborbital  trajectory  beginning  at  the  point  where  the  launch  vehicle 
performs  a  pullup  maneuver  causing  a  deviation  from  the  baseline  trajectory.  Per¬ 
formance  information  for  the  portion  of  the  ascent  trajectory  prior  to  the  pullup 
maneuver  is  found  in  Appendix  B.. 

The  data  listed  in  this  appendix  does  not  include  any  portion  of  the  reentry 
phase  of  the  launch  vehicle.  The  OTIS  analysis  was  used  to  simulate  launch  vehicle 
performance  only  up  tc  the  point  of  payload  separation.  Performance  information 
for  portions  of  the  trajectory  after  payload  separation  apply  only  to  the  final  payload 
ajud  booster  motor  combination. 

The  data  presented  in  the  -'‘poendix  is  divided  into  three  sections:'  1)  Table  9 
pr-sents  a  summary  of  various  j.«^.iormance  values.,  2)  A  tabular  listing  of  several 
flight  parameters  with  respect  to  time  provide  detailed  information  of  the  final  opti¬ 
mized  suborbital  trajectory  developed  by  OTIS.  A  key  to  the  flight  parameter  labels 
along  with  the  units  used  is  included  at  the  end  of  the  tabular  listing.  3)  Figures  44 
to  48  include  plots  of  a  few  flight  parameters  as  they  vary  with  respect  to  time., 
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Table  9.  Summary  of  Suborbital  Trajectory  Performance. 


Performance  Parameter 

Value 

Total  Time  of  Flight 

2443  sec 

Time  of  Flight  prior 
to  Pullup 

1478  sec 

Time  of  Flight  from 

Pullup  to  Separation 

135  sec 

Time  for  Payload  Separation 

30  sec 

Time  of  Fl'fht  from 

Separation  U"  -bit  Insertion 

800  sec 

Total  Launr.*!  *  V  hide 
Propellant  Consumption 

186,271  Ibm 

Total  Booster  Engine 
Propellant  Consumption 

24,631  Ibm 

Suborbital  Trajectory 

Apogee  Height 

Booster  Engine 

Empty  Weight 

2,463  Ibm 

Payload  Weight  Delivered 
to  Orbit 

67,635  Ibm 

75 


TIME 

THRUST 

DRAG 

ALT 

GAMMA 

Q 

VEL 

ALPHA 

TEMP 

WEIGHT 

LIFT 

ACCEL 

1476.0000 

O.OOOOOOOOE+00 

164128.63 

169475.85 

1.0730000 

399.99954 

22403.400 

17.611452 

4499.9975 

213729.40 

387289.08 

1.9680573 

1486.0000 

8.38046078E-15 

136557.53 

176017.09 

2 . 2494084 

310.64990 

22164.527 

18.172417 

4320.4474 

213729.40 

318576.00 

1.6217245 

1496.0000 

■2.84826048E-14 

92290.954 

186391.10 

3.0734860 

209.54958 

21976.853 

18.188085 

4075.0142 

213729.40 

215235.80 

1.0957225 

1506.0000 

7.40974622E-14 

53537.271 

199072.68 

3.5044769 

128.45378 

21850.481 

17.737794 

3798.9348 

213729.40 

126013.44 

0.64059819 

1516.0000 

■6.64272375E-14 

28942.885 

212733.66 

3,6432766 

74.445188 

21770.327 

17.178008 

3516.8552 

213729.40 

68851.960 

0.34945077 

1526.0000 

1.49865705E-14 

15134.599 

226525.02 

3.6057110 

41.913251 

21718.202 

16.587956 

3242.6645 

213729.40 

36335.066 

0.18416306 

1536.0000 

2.64532613E-14 

7540.3365 

239935.47 

3.4684996 

23.209095 

21682.282 

15.750149 

2981.4984 

213729.10 

18264.325 

9.24515353E 

1546.0000 

1.52600714E-13 

3717.7564 

252695.27 

3.2770024 

12.832405 

21655.685 

14.851817 

2738.6341 

213729.40 

9045 . 5442 

4.57576438E 

1556.0000 

7.83691598E-14 

1938.7996 

264662.45 

3.0588796 

7.2197309 

21634.243 

14.253994 

2519.3232 

213729.40 

4709.3725 

2. 382850 lOE- 
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TIME 

ALT 

VEL 

WEIGHT 

THRUST 

GAMMA 

ALPHA 

LIFT 

DRAG 

Q 

TEMP 

ACCEL 

1576.0000 

285978.25 

21600.153 

213729.40 

1.61894686E-13 

2.5881318 

12.195595 

1176.3868 

504.93018 

2.4292215 

2144.1790 

5.98968593E-03 

1586.0000 

295272.36 

21586.124 

213729.40 

-1.76722406E-13 

2.3451791 

11.160005 

597.30979 

268.73344 

1.4637428 

1986.1600 

3.06452158E-03 

1596.0000 

303641.97 

21573.700 

213729.40 

9. 079321 14E-14 

2.1000460 

10.475490 

334.15049 

157.15412 

0.92586595 

1851.4502 

1.7277Col0E-03 

1606.0000 

311082.47 

21562.757 

213729.40 

6.76234088E-14 

1.8536240 

5.7559398 

68.232467 

69.856014 

0.61305778 

1736.4981 

4.56886369E-04 

1611.4489 

314744.32 

21557.410 

21s3729.4C 

2.43805426E-22 

1.7187800 

-0.92535304 

-3.1467009 

51.340201 

0.50000011 

1681.7715 

2.40661990E-04 

1611.4489 

314744.32 

21557.410 

213729.40 

O.OOOOOOOOE+00 

1.7187800 

-6.8084066 

-77.549286 

60.626753 

0.5000C011 

1681.7715 

4.60560090E-04 

1616.0000 

317590.27 

21553.258 

213729.40 

O.OOOOOOOOE+00 

1.6060238 

-2.3184905 

-7.7595637 

44.088686 

0.42650158 

1640.0282 

2.09453245E-04 

1626.0000 

323164. cl 

21545.112 

213729.40 

O.OOOOOOOOE+00 

1.3583474 

11.771863 

141.29496 

61.645892 

0.31229792 

1560.5278 

7.21273403E-04 

1636.0000 

327805 . 33 

21538.300 

213729.40 

O.OOOOOOOOE+00 

1.1107717 

14.657186 

165.88613 

68 . 179449 

0.24124936 

1496.9460 

8.39148102E-04 

7? 


TIME 

THRUST 

DRAG 

ALT 

GAMMA 

Q 

VEL 

ALPHA 

TEMP 

WEIGHT 

LIFT 

ACCEL 

1641.4489 

82179.440 

8.68102146E-02 

329942.05 

0.97585225 

0.21483891 

21535. J 44 

12.806960 

1469.0335 

94729.400 

0.20584767 

0.86751738 

1646.0000 

85479.170 

7.91833679E-02 

331587.93 

0.94130675 

0 . 19885430 

21660.453 

12.689513 

1456.8960 

93896.018 

0 . 18720639 

0.91035951 

1656. OCJO 

92375.561 

6.52929468E-02 

335075.95 

0.88934937 

0.16935670 

21960.525 

12.429970 

1433.7035 

91938.875 

0.15325941 

1.0047494 

1666.0000 

98160.163 

5.42474660E-02 

338469.52 

0.86734370 

0.14537916 

22289 . 134 

12.165775 

1413.7204 

89847.400 

0.12625626 

1.0925206 

1676.0000 

102068.92 

4.51278995E-02 

341868.90 

0.87166805 

0.12502686 

22639.610 

11.893731 

1395.1099 

87669.050 

0.10396396 

1 . 1642524 

1686.0000 

103337.78 

3.73632894E-02 

345374.34 

0.89870073 

O.IC"  t315 

23005.283 

11.610641 

1376.1970 

85451.282 

8.50183292E 

1.2093178 

1696.0000 

101202.67 

3.05935019E-02 

349086 . 09 

0 . 94482006 

9.08400631E-02 

23379.482 

11.313308 

1355.3340 

83241.554 

6.85802983E 

1.2157709 

1706.0000 

95031.030 

2.45919914E-02 

353100.44 

1 . 0034806 

7.57419835E-02 

23749.636 

10.999139 

1330.4910 

81117.081 

5.41440091E' 

1.1715291 

1716.0000 

85370.252 

1.93265261E-02 

357442.21 

1.0637448 

6.18082037E-02 

24094.219 

10.670957 

1300.0371 

79187.440 

4.16610856E- 

1.0780781 
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s 


TIME 

ALT 

VEL 

WEIGHT 

THRUST 

GAMMA 

ALPHA 

LIFT 

DRAG 

q 

TEMP 

ACCEL 

1736.0000 

366994.05 

24678.005 

76011.903 

60268.743 

1 . 1739740 

9.9953136 

2.30815773E-02 

1.12714566E-02 

3.88790143E-02 

1224.3081 

0.79288550 

1746 . 0000 

372145.67 

24903.954 

74809,737 

47180.178 

1.2169224 

9.6592701 

1.71221825E-02 

8.61914670E-03 

3. 082419 18E-02 

1184.9968 

0.63066887 

1756.0000 

377508.77 

25077.113 

73893.762 

35301.181 

1 . 2470846 

9.3320247 

1 . 27430673E-02 

6.63503929E-03 

2.45379521E-02 

1145.4771 

0.47772877 

1766.0000 

383016.08 

25201.708 

73230.639 

25546.419 

1.2649910 

9.0215369 

9.54813324E-03 

5.15489665E-03 

1. 964769 13E-02 

1106.3339 

0.34884873 

1776.0000 

388602.57 

25289.886 

72754.172 

17864.889 

1.2742094 

8.7440802 

7.25576084E-03 

4.06006784E-03 

1. 587739 18E-02 

1068.6552 

0.24555136 

1786.0000 

394236.82 

25348.177 

72430.193 

11982.652 

1.2762574 

8.5178471 

5.62533920E-03 

3.24836950E-03 

1.29625420E-02 

1032.7981 

0.16543721 

1796.0000 

399887.38 

25383.110 

72224.533 

7625.7702 

1.2726528 

8.3610301 

4.474641S8E-03 

2 . 64386452E-03 

1.06958835E-02 

998.S5565 

0.10558418 

1806.0000 

405522.82 

25401.214 

72103.024 

4520.3064 

1.2649131 

8.2918217 

3.67171765E-03 

2.19215215E-03 

8.92i67807E-03 

967.26711 

6 . 26923045E-02 

1816.0000 

411112,62 

25408.945 

72031 .989 

2392.9567 

1.2545310 

8.3279353 

3.12624231E-03 

1.85633326E-03 

7.53143904E-03 

938.01921 

3.32207302E-'02 
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TIME 

THRUST 

DRAG 

ALT 

GAMMA 

Q 

VEL 

ALPHA 

TEMP 

WEIGHT 

LIFT 

ACCEL 

1836.0000 

230.65485 

1.39323834E-03 

422123.32 

1.2286988 

5.52079022E-03 

25407.015 

8.5971417 

885.48111 

71975.596 

2.44003529E-03 

3.20461172E-03 

1846.0000 

-108.89302 

1.21805114E-03 

427538.41 

1.2140271 

4.78976098E-03 

25400.604 

8.6828159 

861.95923 

71974.752 

2.15873544E-03 

1.51294580E-03 

1856.0000 

-152.58361 

1.06014316E-03 

432887.92 

1 . 1987269 

4.18703253E-03 

25392.711 

8.6341775 

840.01632 

71981.602 

1.86630370E-03 

2.11976908E-03 

1866.0000 

-49.325470 

9.12194711E-04 

438167.80 

1 . 1832049 

3.68587121E-03 

25384.946 

8.3749564 

819.54430 

71988.244 

1 . 54706039E-03 

6.85197263E-04 

1876.0000 

57.737780 

7.71815312E-( 

443375.23 

1.1677768 

3.26719897E-03 

25378.511 

7.8269595 

800.50332 

71988.782 

1.20018504E-03 

8.02030224E-04 

1886.0000 

112.42049 

6.39621275E-04 

448512.74 

1.1522897 

2.91272030E-03 

25372 . 58’, 

6.8829845 

782.63520 

71987.241 

8.31111423E-04 

1.56166494E-03 

1896.0000 

125.83582 

5. 2695870 lE-04 

453580.21 

1 . 1366885 

2.61115946E-03 

25366.924 

5.4133780 

765.86512 

71984.848 

4.63905521E-04 

1.74808098E-03 

1906.0000 

110.84896 

4.44379865E-04 

458577.04 

1.1209471 

2.35196322E-03 

25361.412 

3.2879023 

750.03213 

71982.147 

1.54770967E-04 

1.53994471E-03 

1916.0000 

80.325064 

3.93869154E-C4 

463502.65 

1  1050397 

2 . 12880342E-03 

25355.939 

0.37631965 

735.11875 

71979.684 

1 . 15495802E-05 

1.11593530E-03 
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TIME 

THRUST 

DRAG 


ALT 

GAMMA 

q 


VEL 

ALPHA 

TEMP 


WEIGHT 

LIFT 

ACCEL 


1936.0000  473137.64 

22.392048  1.0726600 

4.32323151E-04  1 .76575591E-03 

1946.0000  477845.50 

7.3801437  1.0562429 

7 . 25244094E-04  1 . 6 1745803E-03 

1956.0000  482479.43 

-0.12091308  1.0396865 

1.31710580E-03  1 .48647375E-03 

1966.0000  487038.82 

-2.3295783  1.0229878 

2.12071408E-03  1 .370752 17E-03 

1976.0000  491523.10 

-1.4643079  1.0061436 

2.87659405E-03  1 . 26854673E-03 

1986. oOOO  495931.68 

0.25841995  0.98915098 

3 . 29749158E-03  1 . 17704845E-03 

1996.0000  500263.92 

1.2648653  0.97201128 

3.25461724E-03  1 . 09500123E-03 

2006.0000  504519.26 

1.5446618  0.95472954 

2.90220607E-03  1 .02176442E-03 

2016.0000  508697.14 

1.3205942  0.93731010 

2. 433268 14E-03  9 .55655248E-04 


25344.753  71977.22« 

-8.2504343  -7 . 19859563E-04 

707.61549  3.1 109456 lE-04 

25339.121  71976.850 

-13.644400  -1.74922277E-03 

694.92059  1 .02530908E-04 

25333.522  71976.753 

-19.105866  -3. 009846 14E-03 

682.82452  1 .68410931E-06 

25327.981  71976.820 

-24.107021  -4.18025857E-03 

671.33013  3. 236891 17E-05 

25322.523  71976.933 

-28.120051  -5.03284998E-03 

660.44452  2.03465781E-05 

25317.172  71976.979 

-30.618021  -5.39297937E-03 

650.02427  3 . 59012306E-06 

25311.925  71976.966 

-31.358147  -5.22333093E-03 

640.05598  1 .75725548E-05 

25306.775  71976.941 

-30.788818  -4.72565621E-03 

630.58645  2 . 14596164E-05 

25301.721  71976.910 

-29.461495  -4. 10284770E-03 

621.51111  1.83461902E-05 
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TIME  ALT 

THRUST  Gfmk 

DRM  Q 

20M.0000  516818.33 

0.25200470  0.90207550 

1.68500816E-03  8.4227611^-04 

2046.0000  520760.55 

-0 . 15166396  0 . 88426853 

1.54171849E-03  7.93115426E-04 

2056.0000  524623.17 

-0.31276611  0.86633653 

1.55157614E-03  7 . 48472795E-04 

2066.0000  528405.70 

-0.30059966  0.84828123 

1.65472753E-03'  7.08126005E-04 

2076.0000  532107.66 

-0.19255618  0.83010497 

1.79671546E-03  6 .70936595E-04 

2086.0000  535728.55 

-6.60272661E-02  0.81181007 

1.92392989E-03  6 .37170599E-04 

2096.0000  539267.89 

1.59551942E-03  0.79339887 

1.97653434E-03  6 . 05966539E-04 

2106.0000  542725.21 

-5 . 59543490E-02  0 . 77487431 

1 . 90936249E-03  5 .77444404E-04 

2116.0000  546100.05 

-0.20509312  0.75624025 

1.75045822E-03  5.51194219E-04 


VEL  HEIGHT 

ALPHA  LIFT 

TEMP  ACCEL 

25291.897  71976.864 

-26.738727  -3 . 06746069E-03 

604.57378  3.49979513E-06 

25287.126  71976.861 

-26.431591  -2.83210396E-03 

596.59824  2. 10926217E-06 

26282.451  71976.364 

-27,123828  -2.79301102E-03 

588.96933  4.34709081E-06 

25277.873  71976.869 

-28.461654  -2.86754173E-03 

581.72149  4.17781456E-06 

25273.394  71976.875 

-30.066204  -2.98111921E-03 

574.71185  2.67654076E-06 

25269.013  71976.880 

-31.558611  -3.07223362E-03 

568.04439  9 . 19157875E-07 

25264.732  71976.883 

-32.560009  -3.07966718E-03 

561.60070  5.54164223E-08 

25260.551  71976.884 

-32.740478  -2 . 96215202E-03 

555.44989  7.78988986E-07 

25256.470  71976.890 

-32.209396  -2. 7506839 lE-03 

549.54800  2 .84999746E-06 


82 


TIME 

THRUST 

DRAG 


ALT 

GAMMA 

Q 


VEL 

ALPHA 

TEMP 


WEIGHT 

LIFT 

ACCEL 


2136.0000  552600.62 

-0.43243965  0.71865281 

1. 386966 13E-03  6 . 04755418E-04 

2146.0000  555725.50 

-0.33708402  0.69970391 

1.26484880E-03  4.84135793E-04 

2156.0000  558766.21 

1.33320100E-02  0.68065454 

1.22010825E-03  4.65123286E-04 

2166.0000  561722.34 

0.64131605  0.66150473 

1.26456012E-03  4.47529797E-04 

2176.0000  564593.48 

1.3319456  0.64225674 

1.36341661E-03  4.31190790E-04 

2186.0000  567379.29 

1.8154855  0.62291576 

1.47094839E-03  4 . 16061608E-04 

2196.0000  570079.41 

1.8222004  0.60348700 

1.53710875E-03  4 . 02040725E-04 

2206.0000  572693.48 

1.0823554  0.58397563 

1.51137346E-03  3.89007168E-04 

2216.0000  575221.15 

-0.65868129  0.56438732 

1.35477419E-03  3 . 76858738E-04 


25248.610  71976.905 

-30.379998  -2.28241139E-03 

538.47264  6.00873473E-06 

25244.833  71976.911 

-29.768536  -2 . 11525983E-03 

533.26487  4.68401241E-06 

25241.159  71976.914 

-29.817133  -2.03780142E-03 

528.28692  1 .87521689E-07 

25237.589  71976.901 

-30.724239  -2.06250306E-03 

523.51835  8.90962639E-06 

25234.126  71976.872 

-32.152760  -2.14544802E-03 

518.93979  1 .85050481E-05 

25230.768  71976.834 

-33.641967  -2 . 23413758E-03 

514.56196  2.52234010E-05 

25227.513  71976.799 

-34.731130  -2.27771833E-03 

510.37783  2.53170046E-05 

25224.361  71976.774 

-34.959520  -2 . 22830606E-03 

506.37151  1.50381409E-05 

25221.308  71976.777 

-33.871019  -2.04686478E-03 

502.52944  9. 15114540E-06 
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1 

1 

TIME 

THRUST 

DRAG 

ALT 

GAMMA 

Q 

VEL 

ALPHA 

TEMP 

WEIGHT 

LIFT 

ACCEL 

1 

2236.0000 

-2.1810898 

7.78910461E-04 

580016.26 

0.52499499 

3.55149494E-04 

25215.472 

-27.745307 

495.38247 

71977.018 

-1.37730434E-03 

3.03032639E-05 

1 

■ 

2246.0000 

3.2896489 

5.04742976E-04 

582282.99 

0.50517305 

3.45422765E-04 

25212.735 

-23.554999 

492.05525 

71977.021 

-1.01209960E-03 

4.57033486E-05 

1 

1 

2256.0000 

16.524006 

3.01805585E-04 

584462.00 

0.48525298 

3.36404851E-04 

25210.158 

-19.210508 

488.89696 

71976.756 

-6. 8794387 lE-04 

2.29573377E-04 

1 

MB 

2266.0000 

40.228722 

1.78108187E-04 

586552.91 

0.46522406 

3.28014045E-04 

25207.770 

-15.159920 

485.89235 

71976.082 

-4.32977237E-04 

5.58917106E-04 

1 

1 

2276.0000 

76.454566 

1 . 14708455E-04 

588555.26 

0.44508114 

3. 202031 lOE-04 

25205.633 

-11.831528 

483.03702 

71974.691 

-2.63583809E-04 

1.06224156E-03 

1 

2286.0000 

117.35763 

8.48285264E-05 

590468.53 

0.42485496 

3.12996210E-04 

25203.852 

-9.3550128 

480.35262 

71972.097 

-1.6J343116E-04 

1.63059824E-03 

1 

1 

2296.0000 

147.43629 

7.11855864E-05 

592292.64 

0.40457970 

3.06293720E-04 

25202.309 

-7.6289563 

477.80997 

71968.868 

-1.07050028E-04 

2.04861127E-03 

■ 

1 

2306.0000 

150.98956 

6.44456358E-05 

594027.59 

0.38428320 

3 . 00089888E-04 

25200.869 

-6.5459228 

475.41300 

71965.669 

-7.76078432E-05 

2.09807685E-03 

1 

* 

2316.0000 

112.31646 

6.12159272E-05 

595673.36 

0.36401329 

2.94339851E-04 

25199.395 

-5.9984768 

473.15000 

71963.167 

-6.40595842E- 05 

1.56074853E-03 

1 

1 

_ 
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TIME 

THRUST 

DRAG 

ALT 

GAMMA 

q 

VEL 

ALPHA 

TEMP 

WEIGHT 

LIFT 

ACCEL 

2336.0000 

-131.80525 

5.93646532E-05 

598699.44 

0.32380521 

2.84098489E-04 

25195.113 

-6.0837422 

468.99041 

71966.282 

-6.35798976E-05 

1.83148695E-03 

2346.0000 

-194.13171 

5.99540288E-05 

600083.03 

0.30400164 

2.79529953E-04 

25191.526 

-6.5256891 

467.06040 

71975.715 

-7.18505188E-05 

2.69718420E-03 

2356.0000 

10.421261 

6. 1521035 lE-05 

601376.88 

0.28383137 

2.75340977E-04 

25188.940 

-7.1248522 

465.28113 

71980.757 

-8.41417356E-05 

1.44777726E-04 

2366.0000 

663.59006 

6.40189058E-05 

602577.18 

0.26274457 

2.71584075E-04 

25189.323 

-7.8010673 

463.71870 

71971.761 

-9.91699360E-05 

9.22014418E-03 

2376.0000 

1947.1111 

6.69740057E-05 

603680.10 

0.24019139 

2.6828d461E-04 

25194.639 

-8.4741702 

462.42885 

71939.078 

-1.15292435E-04 

2.70661105E-02 

2386.0000 

4042.4370 

6.99358220E-05 

604681.71 

0.21559345 

2.65483244E-04 

25206.914 

-9.0640828 

461.47165 

71872.764 

-1.30234056E-04 

5.62443504E-02 

2396.0000 

7038.8005 

7'.25599047E-05 

605570.63 

0 . 18723793 

2.63314680E-04 

25230.760 

-9.5187379 

461.00289 

71749.679 

-1.42151470E-04 

9.81021878E-02 

2406.0000 

10801.122 

7.47668056E-05 

606325.79 

0.15432188 

2.61884879E-04 

25269.902 

-9.8542003 

461.14557 

71552.285 

-1.51240625E-04 

0.15095426 

2416.0000 

15160.870 

7.65982832E-05 

606926.14 

0.11678481 

2.61283441E-04 

25326.747 

-10.096696 

461.98968 

71270.116 

-1.58186108E-04 

0.21272408 
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TIME 

THRUST 

DRAG 


ALT 

GAMMA 

Q 


VEL  WEIGHT 

ALPHA  LIFT 

TEMP  ACCEL 


2436.0000 

24998.518 

7.98187757E-05 


607578.04  25503.172 
2.76056759E-02  -10.407688 
2.62989158E-04  466.15981 


70409.580 

-1.68871811E-04 

0.35504427 


2441.4489 

27799.068 

8.07913292E-05 


607611.55 

8.31643238E-11 

2.64221640E-04 


25567.709 

-10.473689 

467.94751 


70098.101 

-1.71757243E-04 

0.39657376 


Key  to  Parameters 


Parameter 

Units 

TIME 

seconds 

ALT 

feet 

VEL 

ft/sec 

WEIGHT 

lbs  mass 

THRUST 

lbs  force 

GAMMA 

degrees 

ALPHA 

degrees 

LIFT 

lbs  force 

DRAG 

lbs  force 

Q 

lbs  force 

TEMP 

deg  F 

ACCEL 

gs 

Description 


Simulation  Time 
Altitude 
Flight  Velocity 
Vehicle  Weight 
Vehicle  Thrust 
Flightpath  Angle 
Vehicle  Angle  of  Attack 
Aerodynamic  Lift  Force 
Aerodynamic  Drag  Force 
Dynamic  Pressure 
Stagnation  Temperature 
Total  Vehicle  Acceleration 
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Thrust,  (lbs  force)  H/Horbit 


Figure  44.  Suborbital  Trajectory  Altitude  versus  Time. 
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Figure  45.  Suborbital  Trajectory  Thrust  versus  Time. 
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Figure  46.  Suborbital  Trajectory  Flight  Path  Angle  versus  Time. 


Figure  47.  Suborbital  Trajectory  Dynamic  Pressure  versus  Time. 
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